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Abstract
Inspired by natural healing processes, a variety of synthetic self-healing materials have been
developed that mechanically recover from structural damage autonomously. One strategy for
creating self-healing materials is to distribute reactive fluids throughout the material volume
using a microvascular network of microchannels that serve as conduits of flow and permit
fluid transport throughout the material volume, in much the same way that vascular systems
transport nutrients and biochemical components throughout living organisms. Artificial
vascular systems have been successfully incorporated into materials with low load-bearing
requirements to heal cracks in coating materials and skin-core debonding with foam crushing
in composite sandwich structures. In these applications, cracks are confined to the coating
material or near the skin-core interface; the vascular system is intentionally placed within
regions with a low probability of failure and terminates where damage is expected to occur.
This dissertation explores the interaction of cracks with a vascular system embedded within
a structural material and the delivery of healing agents to these sites of internal damage.
The mechanical impact of incorporating a synthetic vascular system into a load-bearing
material is assessed through the measurement of the bulk material stiffness and fracture
toughness, as well as the influence on crack propagation and the distribution of strain. As
expected, the bulk stiffness decreases and strain is concentrated in regions surrounding the
vascular features. The bulk fracture toughness of the material decreases with the addition
of a high volume fraction vascular system, but individual vascular features impede crack
propagation under certain conditions.
Test protocols are developed to characterize the ability to repeatedly repair large dam-
ii
age volumes under both quasi-static and fatigue loading conditions. Damage events that
occurred in the same location are healed multiple times owing to the interconnectivity of
the vascular system, which allows the flow of liquid healing agents from undamaged regions
of material to the sites of damage. Pressurized vascular systems improve the delivery of
healing agents by allowing a larger damage volume to be serviced by a smaller vascular sys-
tem, making flow less susceptible to obstruction, and providing a means of directing flow to
enhance mixing of two liquid healing agents. The result of pressure-driven flow is a higher
degree of mechanical recovery and sustained repeatability of healing events. In addition to
addressing quasi-static fracture damage, crack propagation under cyclic fatigue is slowed
or completely arrested using pressurized vascular systems to deliver rapidly curing healing
agents to actively growing cracks.
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Chapter 1
Introduction
Engineering materials are designed to withstand the expected service loads that will occur
in their lifetime with an additional factor of safety applied to account for uncertainties in
the magnitude and placement of these loads and also in the ultimate strength or toughness
of the material. In contrast, biological materials in living organisms respond and react
to changing environmental conditions to optimize their performance and efficiency [1–3].
Inspired by these natural materials, self-healing materials have the ability to respond to
damage without external intervention and recover some degree of their functional capacity
[4]. One prominent strategy for endowing a synthetic material with the ability to self-heal is
to distribute reactive, liquid healing agents throughout the material volume. When damage
initiates in these materials, the healing agents infiltrate the damage zone and polymerize,
resulting in the recovery of structural integrity and mechanical performance (Figure 1.1(a)).
Self-healing systems have been implemented in a variety of matrix materials, using dif-
ferent healing agents and various modes of healing agent delivery. One successful strategy
(shown in Figure 1.1(b)) involves storage of reactive healing agents in one or more micro-
capsules [5]. An alternative approach uses hollow glass fibers to store and distribute healing
agents [6]. Both of these self-healing systems suffer from a limited supply of the components
necessary for healing. If a region of healed material undergoes repeated damage, the sup-
ply of healing agents is expended after one healing event and functionality is compromised.
In contrast, biological materials do not suffer from this limitation because living organisms
have a continuous supply of nutrients conveyed via interconnected vascular systems extend-
ing throughout the material volume. Some examples of natural vascularized materials are
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Figure 1.1: Schematics showing (a) the release of a healing agent, triggered by mechanical damage, and
subsequent recovery, and (b) microencapsulated self-healing systems that consist of an encapsulated liquid
phase and a dispersed solid phase (left), two microencapsulated liquid phases (center), and a microencap-
sulated liquid phase with a phase-separated component in the matrix material (right). Figure reproduced
from White et al., 2008 [5].
shown in Figure 1.2 in plant (a, b) and animal tissue (c, d), and in both hard (b, d) and soft
materials (a, c).
Synthetic vascular systems that mimic many of the key features of their biological counter-
parts have been successfully incorporated into materials with low load-bearing requirements
to heal cracks in coating materials [10–12] and skin-core debonding with foam crushing in
composite sandwich structures [13,14]. In these examples of vascular self-healing materials,
cracks were confined to the coating material or near the skin-core interface; the vascular sys-
tem was intentionally placed within regions with a low probability of failure and terminated
where damage was expected to occur. There has been no demonstration of in-situ microvas-
cular self-healing, in which the damage that is healed is initiated within the vascularized
material itself. The ability of a synthetic vascular system to heal this type of in-situ damage
opens the door to a new class of self-healing materials where a vascular system is integrated
into a structural material, rather than being attached separately within a secondary sup-
porting material. This chapter reviews the literature on self-healing materials that utilize
liquid healing agents for recovery, and the mechanical properties of natural and synthetic
2
vascular materials.
1.1 Self-Healing Material Systems
1.1.1 Self-Healing with Microcapsules
White et al. [15] reported the first successful demonstration of a self-healing material system
by dispersing a microencapsulated liquid monomer [16] and a solid phase catalyst throughout
an epoxy matrix. When a crack propagated through the material the microcapsules ruptured,
releasing the liquid monomer, which contacted the catalyst particles on the surface of the
(a)
(b)
(c)
(d)
Figure 1.2: Examples of natural vascular systems, including (a) veins in a leaf, (b) phloem tissue in a tree
trunk [7] (c) blood vessels in a kidney [8], and (d) Haversian and Volkmann’s canals that house blood vessels
in bone [9]. Images reproduced from cited sources.
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Figure 1.3: Typical quasi-static fracture test loading curves for virgin and healed samples containing
a microencapsulated self-healing system. Figure reproduced with kind permission from Springer Sci-
ence+Business Media: Figure 4 from [17].
crack plane thereby initiating a polymerization reaction that adhered the two crack faces.
The fracture toughness of the virgin and healed materials were evaluated using the tapered
double cantilever beam (TDCB) sample geometry [17], for which the mode I stress intensity
factor (KI) is independent of crack length. This geometry was convenient because the
independence ofKI with respect to crack length eliminates the need to determine the position
of the healed crack tip; only sample dimensions and the peak load are necessary to compute
the critical stress intensity factor at fracture, KIC. A representative load-displacement plot
is shown in Figure 1.3. Healing efficiency (η) was defined as the ratio of the healed material
fracture toughness to that of the virgin material [η = (KIC)healed/(KIC)virgin]. Virgin fracture
tests revealed that the addition of microcapsules and catalyst particles to the epoxy matrix
material increased the fracture toughness by inducing a number of toughening mechanisms
[18]. Self-healing samples were allowed to heal for 24 hours. Subsequent fracture tests showed
healing efficiencies as high as 90% using dicyclopentadiene (DCPD) as the liquid monomer
and Grubbs catalyst to initiate polymerization.
Dynamic fatigue tests have demonstrated that, under certain conditions (high cycle fa-
tigue, or low cycle fatigue with rest periods), fatigue life is significantly extended by incor-
porating self-healing functionality [19–22]. Figure 1.4 shows a fatigue test in which crack
growth was completely arrested by the presence of the self-healing system. The beneficial
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Figure 1.4: Crack extension in TDCB fracture specimens during a low ∆KI fatigue test for a control and
self-healing sample. Figure reproduced from Brown et al., 2005 [21] with permission from Elsevier.
effects of healing diminished as the rate of mechanical damage (da/dN) was increased, and
at a certain point the rate of damage propagation outpaced the chemical kinetics of healing
agent polymerization. Under conditions of rapid crack propagation, life extension due to
healing only occurred with rest periods incorporated into the testing protocol. Efforts to ac-
celerate the chemical kinetics of healing agent polymerization have lead to improved fatigue
life extension [22], as shown in Figure 1.5.
Continuing work on microcapsule-based self-healing material systems has led to encap-
sulation of new healing agent chemistries [23–30], embedment into different matrix materi-
als [26,27,29–31] and fiber-reinforced composites [32–35], and production of smaller [36] and
more robust microcapsules [37, 38]. The properties restored by the healing response have
also been expanded to include electrical [39] and barrier properties [34, 40], in addition to
mechanical properties.
1.1.2 Self-Healing with Hollow Fibers
The use of hollow glass fibers or glass pipettes as containers for healing agent is an alternative
route for creating self-healing materials that was proposed as early as 1996 [41–43], but an
effective demonstration was lacking until the work carried out by Bond et al. beginning in
5
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Figure 1.5: Plot of life extension in fatigue as a function of applied load amplitude. Solid circles represent
data for a healing system with enhanced chemical kinetics [22], as compared with a slower-reacting healing
system represented by solid triangles [21]. Open circles with dot indicate complete crack arrest. Figure
reproduced from Figure 10 on p. 401 of Jones et al., 2007 [22] with permission from the Royal Society.
2005 [6, 44–48]. The major advantage of this approach is that the healing components are
easily integrated into a fiber-reinforced composite. A secondary advantage is that hollow
glass fibers are relatively inert and capable of containing a wide range of healing agents,
whereas microcapsule shell walls are polymerized in-situ and are not always easy to produce
with the desired contents. While good recovery of flexural and compressive strength was
obtained using the hollow fiber approach to self-healing, a disadvantage is that severe damage
(fiber breakage) is necessary for the release of the healing agents.
1.1.3 Self-Healing with Vascular Networks
Both microcapsule-based and hollow-fiber-based approaches to self-healing are capable of
delivering a finite supply of healing agents to a given region of material. In microcapsule-
based systems the concentration of microcapsules dictates the amount of healing agent de-
livered [49]. In hollow-fiber-based systems more healing agent is available to a given region
of material because of the large connected volume of the hollow fibers, but the contents
6
100 μm
Figure 1.6: Mircrograph showing hollow glass fibers embedded in a carbon-fiber-reinforced composite lami-
nate. Figure reproduced from Williams et al., 2007 [48] with permission from Elsevier.
of the hollow fibers is not replenishable; so it is only available for a single healing event.
Consequently, damage in a given region of material in these self-healing systems will only
trigger healing agent release once, therefore the number of healing events is limited (usually
to just one).
This limitation encountered by microcapsule and hollow-fiber based self-healing systems
is not found in natural materials that are able to repair themselves indefinitely. The key
difference in these natural materials is the presence of a continuous supply of the necessary
biochemical components for healing provided by a vascular system. In addition to healing
damage, many vital functions are supported by vascular systems in nature, including mainte-
nance of homeostasis (favorable temperature, pH, etc.), combating disease and infection, and
facilitating growth. These numerous functions provide a strong incentive for incorporating
similar systems into synthetic materials.
Various manufacturing techniques are available for creating synthetic analogs to natural
vascular systems that are capable of creating features with varying degrees of geometric
complexity and control [50]. These techniques include micromachining [51–55], chemical
etching [56, 57], soft lithography [58], electron irradiation [59], embedded tubing [13, 14, 60–
62], direct-ink writing [63, 64], and other lost-wax or fugitive material techniques [65, 66].
Toohey et al. [10] used direct-ink writing to create a composite beam sample with a
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vascularized substrate and a brittle coating (Figure 1.7(a)). The vasculature contained liq-
uid DCPD monomer, and Grubbs catalyst was dispersed throughout the brittle coating.
Cracks induced in the brittle coating by 4-point bending drew liquid monomer up into the
crack plane via capillary action where it contacted the catalyst and polymerized. Toohey
demonstrated recovery of fracture toughness in the brittle coating for as many as 7 cycles
of damage and healing. This ability to heal damage repeatedly was possible because a con-
tinuous supply of monomer was available to the site of damage. More recently, Toohey and
coworkers [11] demonstrated an increase in the number of healing cycles by designing mi-
crovascular networks that contained the segregated liquid components of a two-part epoxy
system (Figure 1.7(b)). Upon initiation of damage, the two components were both released
into the damaged region, where they mixed and cured. Hansen et al. [12] improved this ap-
proach by utilizing a dual ink direct-write technique to create interpenetrating microvascular
networks (Figure 1.8) capable of segregating a two-part epoxy healing chemistry while min-
imizing the separation between the two healing agents to facilitate mixing in the damaged
region.
Williams et al. [13,14] developed a self-healing sandwich structure with a vascular system
of PVC or silicone tubing located in the foam core. Risers extended from the foam core to
the interface with the composite skin, and were used to deliver a two-part epoxy healing
chemistry to sites of delamination damage after being subjected to drop-weight impact test-
ing. Edgewise compression tests were used to evaluate the recovery of mechanical properties.
External pumps were used to pressurize the flow of both healing agents to regions of impact
damage near the skin-core interface. The authors postulated that the highly pressurized flow
of healing agents resulted in increased interaction of the flow fronts and improved mixing,
but did not observe this directly. Self-healing samples with pressurized flow of the healing
agents recovered ultimate facing stresses higher than the undamaged samples [14]. In other
work, Williams et al. discuss design principles for vascularized materials [68, 69].
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(a)
(b)
Figure 1.7: Beam samples with a brittle coating and vascularized substrate. Vascular systems contain (a) a
single liquid monomer [10] and (b) liquid epoxy resin and liquid hardener segregated into separate vascular
systems [11]. Images reproduced from the doctoral dissertation by K. S. Toohey [67] with permission.
Figure 1.8: Beam specimen with an interpenetrating microvascular network embedded in the substrate for
the distribution of two sequestered liquid healing agents in close proximity [12]. Image courtesy of C. J.
Hansen and reproduced with permission.
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1.2 Mechanical Properties of Vascularized Materials
1.2.1 Natural Vascularized Materials
The structural similarities between natural and synthetic vascular materials suggest that
similar mechanisms will dominate the mechanical behavior, and that these materials will
share similar optimal designs. Two structural, vascularized tissues have been studied exten-
sively in the literature: bone and dentin.
Figure 1.9: Load-displacement plot for cantilevered bending of hydrated dentin. Figure reproduced from
Nalla et al., 2003 [70] with permission from John Wiley & Sons, Inc.
Dentin makes up the bulk of mammalian teeth below the enamel layer; it is composed
primarily of collagen fibrils impregnated with apatite crystals. Its microstructure consists
of cylindrical tubules 1 to 2 microns in diameter oriented roughly parallel to one another.
The tubules are surrounded by a ring of stiff, highly mineralized peritubular dentin ap-
proximately 0.5 to 0.8 microns thick with an elastic modulus of 40 to 50 GPa. Between
tubules, intertubular dentin is less mineralized with an elastic modulus of between 17 and
23 GPa [71]. The composite makeup of dentin, combined with the microstructural configu-
ration of higher-stiffness reinforcement encircling vascular pathways gives rise to interesting
mechanical behavior. The inelastic deformation apparent in the loading curve in Figure 1.9
has been attributed to the inherent plasticity of the collagen fibrils, but also to microdamage
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Figure 1.10: Hierarchical structure of bone from the nanometer scale to the bulk. On the 100 µm scale
osteons (highlighted in red) surround Haversian canals. Figure reproduced by permission from Macmillan
Publishers Ltd: Nature Materials [74], copyright 2008.
observed in the peritubular cuffs and poroelasticity due to the large volume of fluid present
in the tubules [70]. Dentin also exhibits rising R-curve behavior, with enhanced tough-
ness due to crack bridging, microcracking, and crack deflection arising from microstructural
interactions with the crack tip [72, 73].
Bone, like dentin is composed of mineralized collagen fibrils. More so than dentin, bone
has richly varying structural features over several length scales (Figure 1.10) with features
at each length scale contributing to the overall mechanical performance [2, 74–76]. On the
hundreds of microns scale, the dominant feature is the osteon, a concentrically oriented
region of lamellae (stacked plies of collagen fibrils) surrounding the Haversian canals that
contain the blood vessels. As in dentin, there is a spatial distribution of mineral content
in bone that affects the local stiffness. In contrast to dentin, Gotzen et al. [77] have re-
ported that, in bone, areas of lower stiffness shield the Haversian canals from the stress
concentrations usually associated with open holes. This distribution of stiffness may play a
role in the crack deflection that has been reported as a prominent toughening mechanism in
transversely-oriented cracks [76, 78] and on the apparent neutrality of Haversian canals on
crack propagation in the anti-plane parallel orientation [78].
1.2.2 Synthetic Vascularized Materials
Fiber-reinforced composites with interlaminar vascular features in the mid-plane have been
created by embedding hollow tubing [60,61], or fugitive wires that are mechanically extracted
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[66] or melted and evacuated [65] from the final part. The mechanical impact of these vascular
features has been largely attributed to changes in the microstructure of the composites, which
include a reduction in fiber volume fraction, the formation of resin-rich regions surrounding
the vascular features, an increase in ply waviness, and a reduction of the interlaminar load-
bearing area. The differences were more severe when the vascular features were oriented
normal to the adjacent plies of reinforcing fibers, as compared with a parallel orientation.
Mechanical characterization of these materials has shown an increase in the interlaminar
toughness due to crack tip blunting and deflection [60], a decrease in the interlaminar shear
strength [60], and decreases in the tensile and compressive elastic moduli and strength [61].
The decreases in the compressive and tensile strengths and moduli, and shear strength
were all closely correlated to simple predictions based on the microstructural changes listed
above. The compressive strength before and after impact was practically unchanged by
vascular features oriented parallel to the fiber reinforcement, but significantly decreased
when vasculature was oriented normal to the reinforcing fibers [65].
1.3 Overview and Outline of Dissertation
The goals of this work are to (1) assess the mechanical impact of incorporating a vascu-
lar system into a structural material, (2) demonstrate repeated mechanical recovery from
internal damage using healing agents delivered via an integrated vascular system (Figure
1.11), (3) enhance healing agent delivery and the degree of recovery using pressurized vas-
cular systems, and (4) impede and repair fatigue damage while it propagates in vascularized
materials.
Chapter 2 explores the mechanical implications of incorporating vascular features within
a structural material. Bulk material properties of vascularized materials, including stiffness
and toughness, are measured and compared with the properties of the epoxy matrix material
in which the vascular system is embedded. Fluorescent digital image correlation is used to
measure full-field strain fields surrounding vascular features, and to quantify the degree of
12
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Figure 1.11: Illustration of healing agent delivery to internal crack damage within a vascularized material.
Reproduced from Hamilton et al., 2010 [79] with permission from Wiley-VCH Verlag GmbH & Co. KGaA.
strain concentration. Lastly, the effect of individual vascular features on crack propagation
is studied. Locally-placed reinforcement in the material immediately surrounding the vascu-
lature is explored as a means of mitigating the concentration of strain, and influencing the
fracture behavior.
In Chapter 3, a fracture test protocol is developed to initiate cracks in a vascularized
material and assess the degree of mechanical recovery after healing agents are delivered to
the damage zone. The design and manufacture of vascular systems for the distribution of
two liquid healing agents is described. Healing efficiency is evaluated over multiple cycles of
damage and healing, and the limitations of the approach are discussed. Control samples are
tested and compared with self-healing samples to confirm the recovery of fracture toughness.
In Chapter 4, external pumps are employed to pressurize the delivery of healing agents to
regions of damage. Pumping techniques are developed to encourage mixing of two healing
agents in the damage zone, leading to more complete polymerization and improved recov-
ery of mechanical properties. With external reservoirs of healing agents available, damage
volumes greater than the volume of the vascular systems are healed.
In Chapter 5, vascularized self-healing materials are subjected to dynamic fatigue tests.
Healing agents are delivered to actively propagating cracks, and the effect on subsequent
crack growth is measured and compared with non-healing control samples.
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Chapter 2
Mechanical Characterization
Incorporation of a vascular network into a thermosetting epoxy matrix material alters the
mechanical properties. In this chapter, protocols are developed to characterize the effects
of the vasculature on elastic stiffness and fracture. The bulk stiffnesses of vascularized
specimens are measured by dynamic mechanical analysis. The impact of vascular features
on strain distribution is characterized through fluorescent digital image correlation. The
fracture behavior of vascular materials is studied using fracture tests to elucidate the bulk
fracture toughness and to probe the influence of vascular features on crack propagation.
2.1 Elastic Stiffness
2.1.1 Specimen Preparation
Epoxy matrix samples containing vascular networks were manufactured using direct-ink
writing to form 3-dimensional fugitive-ink scaffold structures [12, 63, 64, 80]. Robotically-
controlled deposition was performed using an Aerotech Inc. model ABL900 three-axis robotic
deposition stage fitted with pressure boosters (HP7X from Nordson EFD Inc.), as shown
in Figure 2.1, for extrusion of the fugitive ink (60% microcrystalline wax, 40% mineral
oil, by weight). The fugitive ink was deposited onto a porous Teflon fabric, and built up
into a self-supporting, three-dimensional scaffold with filaments of fugitive ink deposited at
locations where a microchannel was desired in the final sample. The ink scaffold structure
was infiltrated into liquid epoxy by inverting the fugitive ink structure and allowing it to
sink into the uncured epoxy. After the epoxy matrix cured, excess material outside the
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fugitive scaffold was removed with a saw and the edges were polished flat. The fugitive ink
was removed by moderate heating (80◦C) and application of vacuum to the microchannel
outlets. This process is summarized in Figure 2.2.
y
x
z
Figure 2.1: Multi-axis positioning device used for robotically controlled deposition, with schematic of fugitive
ink extrusion from a syringe barrel fitted with a dispensing tip. Schematic reproduced by permission from
Macmillan Publishers Ltd: Nature Materials [63], copyright 2003.
Figure 2.2: Direct-ink writing of a fugitive ink scaffold, infiltration into a matrix material, solidification of
the matrix, removal of fugitive ink. Schematics reproduced from Therriault et al., 2005 [80] with permission
from Wiley-VCH Verlag GmbH & Co. KGaA.
The resulting samples, shown in Figure 2.3, contained embedded vascular networks of
200 µm diameter channels that were fully connected in three dimensions. The samples had
a 0–90◦ stacking sequence between subsequent layers of channels, with connections between
layers where the wax filaments had been in contact. As detailed in Figure 2.4 and Table 2.1,
three different microvascular geometries (denoted Types I, II, III) were created by varying
the relative orientation and spacing between channels in the xy plane. Channel spacing in
the yz plane was the same among all microvascular sample geometries. (Refer to Appendix
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A for details on fugitive ink structures and the G-code used to direct the deposition.)
Top
Front
Type II
Top
Front
Type I
3 mm
3 mm
Figure 2.3: Images of vascularized beams used to evaluate bulk stiffness.
(a) (b)
Figure 2.4: Schematic drawings and nomenclature for different microvascular network geometries: (a) offset,
and (b) aligned architectures.
Table 2.1: Vascular system architectures and dimensions.
Label Architecture a (mm) b (mm) c(mm)
Type I Offset 2.0 0.7 2.0
Type II Offset 1.0 0.7 2.0
Type III Aligned 2.0 0.7 2.0
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Plain epoxy samples, with no vasculature, were produced using the same matrix material
as vascular samples. This epoxy matrix was formed by mixing stoichiometric quantities
(100:40) of EponTM 828 (DGEBA) and EpikureTM 3274 (blend of polyoxyalkyleneamine and
nonyl phenol), produced by Hexion Specialty Chemicals, and supplied by Miller Stephenson
Chemical Co., Inc. All samples were cured at room temperature (approximately 20-23◦C)
for the first 24 hours, followed by a post-cure at 30◦C for 24 hours.
2.1.2 Storage Modulus
The storage modulus was measured by dynamic mechanical analysis over a range of frequen-
cies from 0.01-10 Hz. Dynamic tests were performed using a TA Instruments model RSA
III at a strain amplitude of 0.1%.
Plain epoxy specimens (no vasculature) were tested after the initial 48 hours cure cycle,
the average storage modulus at 0.1 Hz of three samples was 3.53± 0.19 GPa. The modulus
was measured at discrete intervals over the next 30 days to monitor the effect of additional
cure time at room temperature. No change in stiffness was observed and the storage modulus
of the matrix material was considered independent of cure time within a window of 30 days.
Microvascular samples were subjected to the same dynamic testing regime as plain sam-
ples. The storage modulus measured at 0.1 Hz was taken as an estimate of the elastic
modulus. The average moduli for each vascular architecture are plotted as a function of
microchannel volume fraction in Figure 2.5. A drop of 58-65% in stiffness was observed as
a result of incorporating the three different vascular systems in Table 2.1.
The elastic moduli obtained by dynamic mechanical analysis are compared with two
theoretical predictions in Figure 2.5. The theoretical curves were generated using a rule of
mixtures approximation,
Ecomp = Ematrix(1− Vvascular), (2.1)
and the Halpin-Tsai equation [81],
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Pcomp = Pmatrix
1 + ξPηVvascular
1− ηVvascular , (2.2)
η =
−1
ξP
, (2.3)
where Ematrix and Ecomp are the stiffnesses of the epoxy matrix and the vascular composite,
Vvascular is the evacuated volume fraction, Pcomp and Pmatrix are the property of interest (either
the bulk modulus, K, or the shear modulus, G) of the vascular composite and epoxy matrix,
and ξP is a semi-empirical factor based on the geometry and arrangement of the filler (i.e.
the vascular system) that depends on the property, P, of interest:
ξG =
7− 5νmatrix
8− 10νmatrix , (2.4)
ξK =
2(1− 2νmatrix)
1 + νmatrix
, (2.5)
where νmatrix is the Poisson’s ratio of the epoxy matrix. These equations have been simplified
where possible using the fact that Evascular = 0. The properties of the epoxy matrix material
are given in Table 2.2.
Table 2.2: Epon 828 / Epikure 3274 epoxy matrix elastic properties.
Ematrix 3.55 GPa
νmatrix 0.4 [82]
All of the vascular sample types fall within the range of elastic moduli bounded by these
model predictions, and are closely approximated by the Halpin-Tsai prediction. The Type
II and III samples have similar vascular volume fractions, but different microchannel ar-
rangements (rhombic and square lattices in the xy plane, respectively). Despite the different
vascular architectures, the bulk stiffnesses of the Type II and III samples were almost iden-
tical.
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Figure 2.5: Normalized modulus of vascular samples measured at 0.1 Hz as a function of vascular volume
fraction. Experimental data is plotted along with theoretical predictions.
2.2 Strain Concentration Around Vasculature 1
The effect of microchannels on the local strain field was measured using fluorescent digital
image correlation (FDIC). The measurement technique was verified by comparing experi-
mental data for a specimen containing a single microchannel loaded in tension with analytical
predictions. The influence of localized particle reinforcement around a microchannel was also
investigated using this simplified geometry. Specimens with fully three-dimensional vascular
systems were fabricated and loaded in uniaxial tension. The resulting strain concentrations
were compared as a function of channel spacing and location in specimens with different
vascular system architectures.
2.2.1 Fluorescent Digital Image Correlation
Fluorescent digital image correlation (FDIC) is a full-field technique for measuring strain
and displacement. As in digital image correlation [84,85], a correlation algorithm is applied
to obtain kinematic information from digital images acquired during deformation (Appendix
B.1). The correlation requires random surface features that deform with the specimen sur-
1The work and figures presented in this section have been reproduced from published work, with kind permission from
Springer Science+Business Media: [83].
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Figure 2.6: Representative speckle pattern formed by deposition of fluorescent nanoparticles onto a sample
surface.
face; in FDIC these surface features are created by applying fluorescent silica nanoparticles
onto the region of interest. The fluorescent particles create a smaller and finer surface pat-
tern than paint, which makes the correlation of high magnification images possible. In work
done by Berfield et al. with 180 nm fluorescent particles, a displacement resolution of 20 nm
was reported. [86, 87].
Particles with a mean diameter of approximately 380 nm created an appropriate surface
pattern for the optical setup and the feature size of interest. A typical surface pattern
resulting from the application of these fluorescent nanoparticles is shown in Figure 2.6. The
particles do not have any significant impact on the mechanical behavior of the sample because
they are disperse and small relative to the sample thicknesses, which were all greater than
1 mm. Particles containing the fluorescent dye rhodamine B were synthesized following a
procedure described by Verhaegh et al. [88]. The desired size of the particles can be targeted
using the equations given in Appendix B.3 to determine appropriate reagent concentrations.
The optical system for acquisition of FDIC images consisted of a Leica DMR fluorescent
microscope, a 20x magnification Leica long working distance objective lens (0.4 N.A. and
3.5 µm depth of focus), and a QImaging R© Retiga CCD camera. With a pixel density of 1.88
pixels/µm, this setup has a resolving power of 826 nm based on the Rayleigh criterion for
self-luminescent objects. Using this setup, calibration experiments verified a displacement
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resolution of approximately 20 nm for rigid body translations, similar to that reported by
Berfield et al. [86] However, when the technique is applied in the presence of a heterogeneous
strain field the displacement resolution may be affected. [89]
Correlations were performed using an in-house DIC code (developed by the Lambros
group and others [90]) in which a coarse-fine search is implemented to obtain an initial
guess for a Newton–Raphson scheme [91]. Subset sizes were 31 by 31 pixels (16.5 µm), and
correlations were performed every 10 pixels (5.3 µm). Correlation was not attempted any-
where inside the channel boundary, where the displacement is discontinuous. Accordingly,
no displacement and strain data were obtained within a distance approximately the size
of a subset around each channel. Strain was calculated by numerically differentiating the
displacement measured by DIC, rather than using the displacement gradients obtained from
the correlation directly. Displacement data were smoothed using a moving average that was
computed as the arithmetic mean of the displacement at a point and the eight adjacent
points. Displacement gradients were calculated using a finite–difference scheme. Wherever
possible, a four-point central difference technique was used to compute the displacement gra-
dients. Lower-order central, forward, and backward difference techniques were substituted
where boundaries prevented the use of four-point central difference. Strain data computed
using these finite-difference schemes were in good agreement with the strain data obtained
from the DIC algorithm directly, but contained less noise.
2.2.2 Specimen Preparation
Single-channel samples were produced by threading nylon wire (280 µm in diameter) across
a rubber mold into which a two-part epoxy was poured and allowed to cure. The nylon wire
was removed and, after cutting and polishing, the resulting sample was a thin rectangular
strip with a centrally positioned, isolated microchannel running through the thickness. The
epoxy matrix used in all samples was EponTM 828 resin and EpikureTM 3274 curing agent
(produced by Hexion Specialty Chemicals, and supplied by Miller Stephenson Chemical Co.,
Inc.)
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Figure 2.7: Images of (a) single channel samples with micrographs of both unreinforced (top) and reinforced
(bottom) channels and (b) a representative microvascular network sample with a micrograph of channel
layout. Scalebars are 250 µm.
In reinforced single-channel samples, silane-functionalized 9.5 µm alumina particles were
placed in the region of material surrounding the microchannel. The particle reinforcement
was incorporated by deposition onto a wax scaffold created via direct-ink writing. After infil-
tration of the polymer matrix and removal of the wax ink, the particles remained embedded
in the material surrounding a 200 µm diameter microchannel. Figure 2.7(a) depicts a single
channel sample with micrographs of both an unreinforced and reinforced microchannel.
Epoxy samples containing vascular systems were manufactured by the direct-ink fabri-
cation technique described in Section 2.1.1. Figure 2.7(b) is a representative image of a
microvascular sample, with a micrograph inset revealing the microchannel cross-section. As
detailed in Figure 2.4 and Table 2.1, three different microvascular geometries (denoted I,
II, III) were created for testing by varying the spacing between channels in the xy plane.
Channel spacing in the yz plane was the same among all microvascular sample geometries.
Small deviations in the relative position of microchannels on the order of a few microns were
common due to imperfections in the manufacturing process.
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2.2.3 Microchannel Strain Concentration
Samples were loaded in tension along the x axis (according to the coordinate system estab-
lished in Fig. 2.4) using a miniature load frame (Ernest F. Fullam, Inc.) while viewing the
xy plane of the sample. The applied load was measured with a 100 lb capacity load cell
(Entran). Samples were clamped tightly in flat-faced grips and loaded at a rate of 1 µm/s.
Deformation was paused at regular intervals to capture fluorescent images for correlation.
A dual-axis translation stage mounted to the microscope was used to minimize rigid body
translations during loading. Out-of-plane movements and Poisson effects required refocusing
the optical setup after application of load, but refocusing was not found to have a significant
effect on results. Load data were used to calculate the far-field values of strain, ǫo = σ/E.
The elastic modulus of the matrix material was established for each sample at the time of
testing using dynamic mechanical analysis of plain epoxy beam specimens made from the
same batch of epoxy and subjected to the same cure conditions. Modulus values ranged
between 3.2–3.5 GPa for the specimens tested.
Single Channel Specimens
The experimentally determined displacement and strain fields in the loading (x) direction
around an isolated microchannel—280 µm in diameter—under uniaxial tension are shown
in Figure 2.8. Contours are drawn at 50 nm intervals over a total range of displacement of
3.8 µm. The iso-displacement contours, which without the presence of the channel would be
vertically oriented and straight, curve into the channel. As expected, a strain concentration
develops at the top (+y) and bottom (−y) of the microchannel, while the strain drops almost
to zero on the left (−x) and right (+x) sides.
An analytical solution for a finite-width plate in uniaxial tension [92] (given in Ap-
pendix D) is inset on the upper left corners of the contour plots in Figures 2.8(a) and
(b). Experimentally-determined strain and displacement are in excellent agreement with
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Figure 2.8: Experimentally determined (a) displacement and (b) strain fields in the vicinity of an isolated
280 µm diameter microchannel with analytical solution inset on upper left for comparison. Applied far-field
strain, ǫo = 0.39%.
this analytical solution. The normalized strain along a vertical line through the center of the
channel is plotted in Figure 2.9. This plot shows the maximum observed strain concentration
was 1.9, while the value predicted by the analytical solution is 3.0. This difference is due to
the limited spatial resolution of FDIC, which is approximately equal to the subset size used
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in the correlation. Furthermore, the strain concentration is greatest at the boundary of the
channel, but correlations were not performed directly adjacent to this boundary.
Figure 2.9: Normalized strain along a vertical line through the center of each corresponding microchannel.
Vascularized Specimens
A full microvascular network adds the complexity of a periodic array of microchannels po-
sitioned throughout the matrix in three dimensions. In addition to the channels normal to
the xy plane, all microvascular samples had channels normal to the yz plane that are not
visible on the surface imaged for DIC. Due to the staggered channel layout in the yz plane,
every other subsurface microchannel was offset by 1 mm in the z direction.
The type I network geometry had the largest spacing between neighboring microchannels
in the xy plane. The normalized strain field around a single microchannel in this type I
geometry is shown in Figure 2.10(a). The shape of the strain contours is similar to those
surrounding a single, isolated microchannel. As shown in Figure 2.9, the maximum nor-
malized strain is slightly higher for this network sample (2.1) than for the single channel
sample (1.9), and the strain concentration remains higher farther from the microchannel.
The highest strain concentration in the network specimen occurs on the bottom (−y) side
of the microchannel, where a subsurface microchannel is located closer to the surface. The
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strain concentration on the top (+y) side of the microchannel is approximately the same as
the strain concentration in the single-microchannel sample.
Figure 2.10: Experimentally determined strain fields (a) surrounding and (b) between 200 µm diameter
microchannels in a type I microvascular network sample. Applied far-field strain, ǫo = 0.18% and 0.32%.
The strain field between two microchannels in a type I microvascular geometry is shown
in Figure 2.10(b). Interestingly, the strain falls to approximately far-field levels directly
between the two microchannels, but remains elevated along bands to the left and right of
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the microchannels. Again, a higher strain concentration occurs where the closer subsurface
microchannel intersects a channel normal to the xy plane (above the bottom microchannel,
near y/r=−2.1 and x/r=0). The normalized strain along a line connecting the centers of
these two microchannels is plotted in Figure 2.11. For comparison, the analytical solution for
a single, isolated channel is also plotted at each microchannel location. The strain around
each of these two microchannels is comparable with that of the solution for an isolated
channel, with the exception of the bottom half of the strain field (−y) where the strain in
the network remains above the far-field value away from the microchannel. This region of
elevated strain is associated with the microchannel that intersects the nearest subsurface
channel.
Figure 2.11: Normalized strain along a line connecting the centers of two microchannels in each of the
network geometries.
There are other factors, in addition to the subsurface channels, that may influence the
mechanical response of a network specimen, which are not present in a single-channel sample.
The periodic arrangement of microchannels normal to the xy plane could contribute to
differences in the strain fields. Also, the microchannel cross-sections are not perfectly round
due to deformation of the wax ink during processing. Despite these effects, the strain
field that develops in this type I network sample is remarkably similar to that of a single-
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microchannel sample.
In the type II microvascular geometry, the distance between microchannels in the x di-
rection was closer than in the type I sample. The normalized strain field surrounding three
microchannels is shown in Figure 2.12(a) for a type II network sample. As in the type
I network, the maximum strain concentration in the type II network (2.3) occurs at the
microchannel that is intersected by the nearest subsurface microchannel (the bottom left
microchannel, near y/r = −1.5 and x/r = −2). Although the maximum strain concentra-
tion is about the same as in the type I sample, the closer x-direction microchannel spacing
confines the region of elevated strain. This confining occurs because the strain must drop to
a minimum at the left side of the neighboring microchannel over a shorter distance than in a
type I sample. The strain plotted in Figure 2.11 for a type II network reveals a trend similar
to that in the type I network. However, the strain in the type II network does not drop to
the same minimum strain seen in the analytical solution far from the channel. Note that
the maximum strain concentration in Figure 2.12(a) is not plotted in Figure 2.11, because
the maximum occurs off center from the two microchannels.
The type III microvascular geometry had neighboring microchannels that are in the clos-
est proximity to one another, because there was no offset between subsequent layers in the
y-direction. Because the y-direction microchannel spacing was less in this geometry, the
locations of maximum strain concentration (the tops and bottoms of microchannels) have
the least separation in these samples. Consequently, the normalized strain field in Figure
2.12(b) shows higher levels of strain concentration (up to 2.8) at locations farther from the
microchannels than in the previous two network geometries. The location of the maximum
strain concentration is off-center on the right (+x) side of the microchannels. This shift in
location of the maximum strain is probably due to an asymmetry at the intersection between
the subsurface microchannel with the microchannels normal to the xy plane. There are two
line scans plotted in Figure 2.11 for the type III geometry; one of them is a plot of the strain
between the centers of the two channels (x/r = 0). The other is a plot of the strain along
a vertical line through the region of maximum strain (x/r = 0.4). The strain along both
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Figure 2.12: Experimentally determined strain fields between 200 µm diameter microchannels in (a) type II
and (b) type III microvascular network samples. Applied far-field strain, ǫo = 0.15% and 0.05%.
of these vertical lines remains well above the level of strain far from the channels in all the
previous geometries and in the analytical solution.
Reinforced Channel Specimens
The stiffening effect of particle reinforcement locally placed around a single 200 µm di-
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ameter microchannel is evident from the normalized strain field in Figure 2.13. The strain
around a reinforced channel drops to values at or below the far-field strain in a shorter dis-
tance from the channel as compared with the case of the unreinforced channel in Figure 2.9.
Because the reinforced material surrounding the channel is stiffer than the matrix, there is
a decrease in strain when approaching this region. The asymmetry of the strain concentra-
tion is due to the uneven distribution of the reinforcement around the channel. The ring
of particle reinforcement was thinnest on the top (+y) side of the channel, where the strain
concentration is highest (1.6).
Figure 2.13: Experimentally determined strain field around an isolated 200 µm diameter reinforced channel.
Applied far-field strain, ǫo = 0.44%.
The elastic modulus of the reinforced region was estimated by comparing the experimen-
tally determined displacement field with an analytical solution for a circular hole reinforced
with an elastic ring in an infinite plate [93]. This comparison is made in Figure 2.14 using
an elastic modulus of 11.5 GPa for a 45 µm thick reinforced region. The thickness of the
reinforced region for the analytical solution was estimated from a transmission light micro-
graph of the reinforced microchannel. The Young’s modulus of the reinforced region was
estimated using a model for particle composites developed by Paul [94]:
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Ec = Em
1 + (m− 1)V 2/3p
1 + (m− 1)(V 2/3p − Vp)
, (2.6)
where Ec and Em are the elastic moduli of the composite and matrix, m is the ratio of
the elastic moduli of the particulate to that of the matrix, and Vp is the volume fraction
of particle reinforcement. The elastic modulus of the epoxy matrix and alumina particles
were taken as 3.2 GPa and 300 GPa respectively, and the volume fraction of reinforcement
used was 40%. The volume fraction was selected to obtain the best agreement between the
analytical solution and measured displacement field in Figure 2.14, but a similar value (43%)
was obtained by measuring the area fraction of particles in a micrograph of the reinforced
channel.
Figure 2.14: Experimentally determined (solid) and analytically predicted (dashed) displacement fields
around a 200 µm diameter reinforced channel.
The sharp change in curvature of the analytical iso-displacement contours in Figure 2.14 at
the interface of the unreinforced and reinforced matrix material results from the assumption
that the transition between the two materials is stepwise. The experimental iso-displacement
contours are smoother, both because the transition between the reinforced material and
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the epoxy matrix is somewhat graded, and because of the limited spatial resolution of the
experimental technique.
2.3 Fracture Toughness
The effect of a vascular system on the fracture toughness of the bulk material was investigated
using single-edge notch beams loaded in three-point bending. Plain epoxy samples are
compared with vascular samples containing type I vascular systems. Layer-by-layer assembly
is employed as a method to deposit reinforcement surrounding the vascular features [95].
2.3.1 Specimen Preparation
Single edge notch beams (SENB) loaded in three-point bending were used to quantify the
fracture toughness of the neat matrix material and of microvascular samples. The beam
geometry detailed in Figure 2.15 was designed based upon the specifications given in ASTM
standard D5045-99 [96].
l ≈ 25 mm
b ≈
6.5 mm
w ≈
3.125 mm
a > 2 mm
Vascular Region
Figure 2.15: SENB sample geometry and dimensions (not drawn to scale).
Plain epoxy samples were created using silicon rubber molds to create the notch and
overall shape detailed in Figure 2.15. Vascular SENB samples contained Type I vascular
systems (see Figure 2.4 and Table 2.1) in the top 4 mm of the specimen height (shaded in
Figure 2.15), with plain epoxy making up the bottom portion of the sample, in which the
notch and precrack were located. The vascular system was created using the direct-write
process described in Section 2.1.1. The region of plain epoxy surrounding the notch and
precrack was maintained in the process of removing excess matrix material surrounding the
infiltrated fugitive ink scaffold. In vascular samples, shown in Figure 2.16 a rectangular
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notch was cut using a saw, rather than being molded in-place.
Top
Front
3 mm
Figure 2.16: Image of a vascularized SENB specimen.
Reinforced vascular systems were manufactured using layer-by-layer (LBL) assembly to
deposit a conformal coating onto the fugitive ink scaffold structure before infiltration into
the epoxy matrix material [97]. This LBL process utilizes deposition of oppositely charged
species from aqueous solution onto a charged substrate to build films consisting of multiple
monolayers, as shown in Figure 2.18. The wax ink used to write the fugitive scaffold struc-
ture was modified to include 5% stearic acid by weight (the microcrystalline wax content
was reduced to 55%, and the proportion of mineral oil was maintained at 40%). As a re-
sult of the stearic acid, the fugitive ink scaffold had a negative surface charge upon which
LBL assembly could be implemented. LBL assembly was carried out using an automated
dipper (StratoSequence 6, produced by nanoStrata, Inc.) that transferred fugitive scaffolds
between 8 solution baths; one containing the cation, followed by 3 rinse baths, and a bath
containing the anion, followed by 3 more rinse baths (details on the LBL process are given in
Appendix C). Using this process, 40 bilayers of the polycation poly(diallyldimethyl ammo-
nium) chloride (PDADMAC) and anionic halloysite nanotubes (both supplied by Aldrich)
were deposited onto fugitive scaffolds before infiltration into the epoxy matrix material.
The result of LBL deposition was a thin layer (approximately 7.5 µm, based on a bilayer
thickness of 188 nm [97]) of PDADMAC/halloysite multilayer composite surrounding the
vascular features. The surface tension of the aqueous solutions used in LBL assembly caused
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deformation of the fugitive scaffold, altering the vascular system geometry of the reinforced
samples. The altered vascular systems, shown in Figure 2.17, were densified such that the
vascular system occupied a smaller volume, and individual microchannels deformed out of
the plane in which they were originally deposited.
3 mm
Front
Figure 2.17: Image of a SENB specimen with reinforced vascular system, deformed by the LBL process.
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Figure 2.18: Schematic of layer-by-layer assembly onto a negatively-charged substrate (black), by submersion
into a series of aqueous solutions. The resulting multilayer composite is shown at right.
2.3.2 Fracture Tests
Notches were scored with a razor blade before samples were cyclically loaded in three-
point bending until sharp cracks extended from the scored notches. Fatigue tests to initiate
precracks were run in displacement control so that the maximum load applied would decrease
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with crack extension and increased compliance. Pre-crack lengths were measured optically
before monotonic loading to failure at a displacement rate of 10 µm/s. Load-displacement
curves are shown in Figure 2.19 for plain epoxy and vascularized specimens. The fracture
toughness of each sample was calculated using Equation 2.7 according to the procedure
described in ASTM standard E399 [98]. Results are tabulated for the neat epoxy, vascular,
and reinforced vascular samples in Table 2.3.
KIC =
P
bw1/2
f(a/w), (2.7)
f(a/w) = 6(a/w)1/2
(
1.99− (a/w)[1− (a/w)][2.15− 3.93(a/w) + 2.7(a/w)2]
[1 + 2(a/w)][1− (a/w)]3/2
)
, (2.8)
where P is the maximum load before fracture, and a, w, b are defined in Figure 2.15.
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Figure 2.19: Load-displacement curves for (a) plain epoxy and (b) vascularized SENB specimens.
Table 2.3: Fracture toughness results from SENB specimens.
Sample KIC (MPa-m
1/2)
Plain epoxy 0.99 ± 0.09
Vascular (Type I) 0.84 ± 0.08
Vascular (Type I, LBL) 0.91 ± 0.07
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The measured value of KIC dropped by 15.4% in vascular (Type I) samples as compared
with plain epoxy samples, reflecting the reduced bending stiffness of the vascular samples
(as reported earlier in Figure 2.5). The addition of halloysite nanotube reinforcement sur-
rounding the vascular features appeared to reduce this drop in toughness, but may be the
result of the compaction and distortion of the vascular system caused by the LBL dipping
process rather than the presence of reinforcing layers.
2.4 Crack Propagation
2.4.1 Double Cleavage Drilled Compression Specimen
The double cleavage drilled compression (DCDC) fracture sample geometry [99–102] (Figure
2.20) was utilized to study the interaction of cracks with vascular features. This sample
geometry enables stable crack propagation in brittle materials.
R=2mm
45mm
b ~ 4mm
2w ~ 8mm
σ
l
Figure 2.20: DCDC fracture sample geometry, showing relevant dimensions, precrack locations (solid lines),
and crack locations after propagation (dashed lines).
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The specimen is loaded in axial compression, as shown in Figure 2.20, giving rise to tensile
stresses at the crowns of the central hole. These tensile stresses drive the stable propagation
of two cracks on either half of the sample.
A typical plot of applied compressive stress vs. normalized crack length for a plain epoxy
DCDC sample is shown in Figure 2.21. The prediction of an analytical model developed
by Plaisted et al. [101] is plotted as a dashed line. The model assumes linear elasticity,
2 < (w/R) < 5, and symmetry about the horizontal centerline of the specimen. Using this
model, the stress intensity factor, K, may be calculated independently of crack length after
sufficient crack extension from the hole:
K = Aσ, (2.9)
where σ is the applied compressive stress, and A is a function of the specimen dimensions
(2w and R):
A =
2√
wR
(
3 + 2 lnw/R
4(w/R)
− 1
4(w/R)3
)
. (2.10)
This crack length independence, combined with the homogeneous mechanical properties
(i.e., constant KIC) of the epoxy matrix, results in the plateau of applied stress observed at
longer crack lengths (l/R > 1) in Figure 2.21(b).
The fracture toughness of specimens was determined using the sample dimensions to
calculate A and by fitting a horizontal line to the plateau region of the stress-crack length
data to calculate σ. (The full analytical model is described in Appendix E.)
2.4.2 Specimen Preparation
DCDC specimens were produced by combining EponTM 828 with 40 pph EpikureTM 3274
(produced by Hexion Specialty Chemicals, and supplied by Miller Stephenson Chemical
Co., Inc.). The mixture was degassed until the surface was free of bubbles, and poured
into silicon rubber molds (mold cavity dimensions are given in Figure 2.22). The epoxy was
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Figure 2.21: (a) Schematic of one half of the DCDC sample geometry showing crack length, l measured from
the crown of the hole, and (b) stress versus normalized crack length in an epoxy DCDC sample.
cured for 24 hours at room temperature (approximately 20-23◦C) and a relative humidity
of 60-65%. After 24 hours the epoxy was post-cured for 24 hours in an oven at 30◦C. The
meniscus formed on the top side of the open mold was polished flat, and all sides of the
specimen were polished using progressively finer-grit abrasive papers (320, 600, 1500, 2000
grits) to achieve optical transparency. Samples were fractured 8 days after the post-cure
treatment.
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depth: 
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Figure 2.22: Schematic drawing showing top view of the mold used to create epoxy DCDC specimens.
Location of sacrificial fiber placement indicated with dashed lines. All dimensions are given in mm, dark
regions are raised, white regions are recessed.
Vascular features were created by embedding sacrificial nylon fibers 230 µm in diameter,
which were extracted from the sample post cure. These fibers were positioned across the
width of the mold at a distance of 5 mm from the crowns of the hole on each side, as
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shown in Figure 2.22. Multiple fibers could be embedded to create the desired number of
microchannels through the thickness of the final part. Samples containing two, or three
microchannels aligned through the thickness of the sample were created in this way (Figure
2.23). In both cases, the separation between microchannels was approximately 1 mm, and
the microchannel arrays were positioned as closely as possible to the center of the sample
thickness.
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Figure 2.23: Schematic drawing showing vascular DCDC samples with two or three microchannels.
Microchannels surrounded by a region of halloysite nanotube reinforcement were created
using LBL assembly to coat the sacrificial fibers with a multilayer composite of PDADMAC
and halloysite. The nylon fibers were submerged into a solution of 1M NaOH to result in
a negative surface charge. The fibers were held straight and taught throughout the dipping
process by threading them across rubber tabs that were mounted onto microscope slides.
LBL assembly was carried out as described in Section 2.3.1 and Appendix C to create a
conformal coating consisting of 80 bilayers of PDADMAC/halloysite (approximately 15 µm
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thick, based on a bilayer thickness of 188 nm [97]). Before embedding the reinforced fibers
into the epoxy matrix, the LBL multilayer was treated with Dow Corning R© Z-6040 Silane.
The silane coupling agent was applied according to the manufacturer’s recommendations by
adjusting the pH of deionized water to approximately 4 using citric acid and adding 0.5 wt%
silane. After stirring the silane solution for 15 minutes or longer, the LBL reinforced fibers
were submerged in the silane solution for at least 30 minutes, then placed in an oven set to
115◦C until the fibers were dry. A scanning electron micrograph of a reinforced microchannel
cross-section is shown in Figure 2.24. The Halloysite/PDADMAC multilayers are clear, but
the thickness, at 1-5 µm, is less than expected for an 80 bilayer film.
100 μm
1 μm
5 μm
Figure 2.24: Microchannel reinforced with a halloysite/PDADMAC multilayer composite created by LBL
assembly.
Notches were placed at each precrack location (designated in Figure 2.20) using a razor
blade and a stereomicroscope to aid in the placement of each notch at the crown of the central
hole. Starter cracks were initiated by applying a small compressive load to the sample and
tapping a razor blade into each notch until a sharp crack propagated through the thickness
of the sample, joining the two notches.
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2.4.3 Experimental Protocol
Samples were compressed on a screw-driven load frame (Parker Hannifin) under displacement
control. Samples were loaded either at a constant displacement rate of 2 µm/s throughout
the entire test, or at a reduced rate of 1 µm/s during crack propagation with pauses in the
loading to allow the crack tip location to equilibrate before further loading. The applied
load was recorded using a piezoelectric load cell (Kistler Model 9212, 5000 lb compressive
and 500 lb tensile capacity load cell and type 5010 amplifier). Images were acquired and
optical crack length measurements were recorded in real time and synchronized with load
and displacement data using LabVIEW.
2.4.4 Effect on Crack Propagation
Crack propagation in samples with vasculature mirrored that of plain epoxy samples (with
no vasculature) until the cracks intersected the vascular features (at a normalized crack
length of l/R = 2.5). Representative plots of applied stress as a function of crack extension
are shown in Figure 2.25 for samples containing (a) two and (b) three microchannels through
the sample thickness. The effect of load rate is demonstrated in Figure 2.25(a), in which
samples loaded without pauses exhibited a significant increase of stress at the microchannel
location, but crack propagation in samples loaded with pauses—to allow equilibration of
crack extension at a given load—were unaffected by intersection with vascular features. The
addition of a third microchannel resulted in crack pinning at the microchannels even when
loading was paused, as shown in Figure 2.25(b). Also in Figure 2.25(b), crack propagation
through reinforced vascular features was similar to unreinforced samples. In both plots in
Figure 2.25, data for crack propagation in a representative plain epoxy sample was plotted
for comparison.
The effect of microchannels on crack propagation under these various conditions of load
application, density of vascular features, and presence of reinforcing layers is summarized in
Table 2.4. In each case, the fracture toughness was computed based upon the plateau stress
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Figure 2.25: Representative plots of stress versus normalized crack length in vascular samples with (a) two
and (b) three microchannels positioned through the thickness of the specimens.
(l/R > 1.5 in plain epoxy samples, and 1.5 < l/R < 2.5 in vascular samples) and based upon
the maximum stress (located randomly due to scatter in the data for plain epoxy samples,
or at the microchannels in the case of vascular samples that affected crack propagation).
The difference between these two values of toughness was calculated as a percentage of the
plateau toughness. Vascular samples with two microchannels only affected crack propagation
when the load rate was too rapid to allow equilibration of the crack position at a given load.
At higher vascular concentrations, as in samples with three microchannels spanning the
thickness, crack propagation was impeded even under slow loading rates. However, the
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effect of the vascular features was small (< 10% difference in the measured toughness). The
addition of reinforcement surrounding the vascular features had no significant effect on crack
propagation (note that KIC based on the maximum stress is the same for samples with three
microchannels whether they were reinforced or not).
2.5 Summary
The effect of synthetic vascular systems on the bulk material stiffness and fracture toughness,
and the influence of vascular features on crack propagation and the distribution of strain
was studied. The stiffness of vascular materials decreased as the vascular volume fraction
increased. This relationship was accurately predicted by the Halpin-Tsai equation. Vascular
features caused local strain concentrations when subjected to uniaxial tension. The distribu-
tion of strain surrounding individual microchannels resembled the analytical strain field of a
hole in a finite strip loaded in tension, but the added geometrical complexity of a full vascular
system affected the distribution of strain and led to higher concentrations. Locally-placed
particle reinforcement surrounding a microchannel reduced the strain concentration. The
bulk fracture toughness of vascular materials, as measured by SENB specimens, decreased.
LBL assembly was employed to deposit a conformal layer of reinforcement surrounding the
vasculature, but the effect of reinforcement on the bulk fracture toughness was obscured by
changes to the vascular system geometry caused by the LBL process. The effect of two or
three individual microchannels on crack propagation was studied using DCDC specimens.
When specimens were loaded continuously, rapid crack propagation was impeded by the
vascular features. When specimens were loaded incrementally such that the crack posi-
tion equilibrated before further loading, the effect of microchannels on crack propagation
was diminished and only persisted in specimens with more than two microchannels through
the thickness of the specimens. Microchannels with 80 bilayers of Halloysite/PDADMAC
behaved similarly to unreinforced microchannels.
43
Table 2.4: Effect of vascular features on crack propagation.
Sample No. Channels Reinforcement Loading (KIC)plateau (MPa-m
1/2) (KIC)max (MPa-m
1/2) Difference (%) N
Plain epoxy 0 none with pauses 0.58±0.01 0.60±0.01 3.4 12
Plain epoxy 0 none no pauses 0.63±0.02 0.64±0.02 1.6 6
Vascular 2 none with pauses 0.58±0.01 0.59±0.01 1.7 3
Vascular 2 none no pauses 0.56±0.02 0.64±0.04 14.3 6
Vascular 3 none with pauses 0.56±0.01 0.60±0.02 7.1 8
Vascular 3 80 bilayers with pauses 0.58±0.01 0.60±0.01 3.4 6
4
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Chapter 3
Self-Healing of Quasi-Static Fracture
Damage 1
The ability of synthetic vascular materials to autonomically recover from internal damage
that intersects and disrupts the vasculature is explored. Cracks are propagated through
epoxy specimens containing vascular systems consisting of channels 200 µm in diameter.
The vascular systems are designed to distribute and deliver a two-part healing chemistry
throughout the sample volume and to sites of crack damage. Healing agent release into
the damage zone is visualized using fluorescent dyes, and the repeated recovery of fracture
toughness is characterized by multiple fracture tests punctuated by 48 hour rest periods.
3.1 Specimen Design and Preparation
The DCDC fracture sample geometry, introduced in Section 2.4.1, was adopted in order
to initiate stable crack growth in vascular self-healing specimens and to ensure crack arrest
before catastrophic sample failure. The rectangular sample geometry facilitated the vascular
manufacturing processes, and the sample analysis lends itself to a straightforward comparison
between virgin and healed toughnesses.
Microvascular DCDC samples were fabricated using direct-ink writing to form 3-dimensional
fugitive-ink scaffold structures [12, 63, 64]. Robotically-controlled deposition was performed
using an Aerotech Inc. model ABL900 three-axis robotic deposition stage fitted with two
syringe barrels (HP7X from Nordson EFD Inc.) for extrusion of the fugitive inks. The
fugitive scaffold structure consisted of a primary ink, which acted as a template for the
microchannels, and a secondary ink which served as a support for the primary ink. The sec-
1Portions of the work and figures presented in this section have been reproduced from published work [79], with permission
from Wiley-VCH Verlag GmbH & Co. KGaA.
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ondary and primary inks were extruded through circular cross-section, 27 gauge (200 µm),
stainless steel dispensing tips (Nordson EFD Inc.). The secondary ink was composed of 60
wt% triblock-copolymer (pluronic F126 supplied by BASF) and 40 wt% deionized water.
The primary ink consisted of 60 wt% microcrystalline wax (S&P number 18 from Strahl and
Pitsch) and 40 wt% mineral oil. The fugitive structure consisted of alternating layers of the
primary wax ink separated by four layers of the secondary pluronic ink. Top views of these
layers are shown in Figure 3.1(a), with the stacking sequence for a complete scaffold shown
in Figure 3.1(b).
Secondary Ink
Layer
Primary Ink
Layer A
Primary Ink
Layer B
Substrate
4 X Secondary ink layer
Primary ink layer A
4 X Secondary ink layer
Primary ink layer B
4 X Secondary ink layer
Primary ink layer A
4 X Secondary ink layer
Primary ink layer B
4 X Secondary ink layer
Primary ink layer A
(a) (b)1.96
9.8 9.8
9 7
1.5
Figure 3.1: (a) Top views of each layer making up the fugitive ink scaffold for vascularized DCDC specimens.
Dashed lines indicate the path traveled by the dispensing tip, solid lines indicate locations where ink filaments
were deposited. All dimensions are given in units of mm. (b) Stacking sequence of layers making up the
scaffold structure.
Deposition of the fugitive scaffold was carried out into silicon rubber molds designed to
accommodate the fugitive structure within the shape of the DCDC geometry depicted in
Figure 2.20. Fugitive scaffolds are shown after deposition into a mold in Figure 3.2(a). The
fugitive ink structures were infiltrated from the bottom up by slowly pouring a premixed,
degassed epoxy into the mold, as shown in Figure 3.2(b). The epoxy matrix consisted of
EponTM 828 plus 40 pph EpikureTM 3274 (produced by Hexion Specialty Chemicals, and
supplied by Miller Stephenson Chemical Co., Inc.). The infiltration was carried out imme-
diately after deposition of the fugitive structures to avoid water loss and shrinkage of the
pluronic ink layers. The matrix was allowed to cure for 24 hours in a controlled environment
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of 30◦C and 65% relative humidity (again, to avoid water loss from the pluronic ink). The
secondary fugitive ink was removed by dissolution in a deionized water bath overnight (the
primary wax ink is not water soluble). After removal from the water bath the samples were
gently rinsed with deionized water and allowed to air dry overnight. The void spaces left
within the sample by the removal of the secondary ink (shown in Figure 3.2(c)) were injected
with the same epoxy matrix material using a syringe and appropriately-sized dispensing tip.
After curing the backfilled epoxy at 30◦C for 24 hours, the sample edges were ground flat
and perpendicular using a polishing wheel and progressively finer-grit abrasive papers (320,
600, 1500, 2000 grits), resulting in optical transparency. Polishing removed approximately 1
mm from the width of the sample on each side, providing access to each microchannel from
the specimen surface. The primary fugitive ink was removed by heating the samples in a
90◦C oven (above the primary inks melting point of approximately 65◦C) and applying a
slight vacuum to the microchannel openings. Figure 3.2(d) depicts the final product of this
process. Fracture tests were conducted ten days after the initial infiltration of the fugitive
structures into the matrix material.
(a) (b) (c) (d)
Figure 3.2: Manufacturing and processing steps for microvascular DCDC samples: (a) direct-ink writing
of fugitive scaffold structures, (b) infiltration of matrix material, (c) sample after removal of secondary ink
(green), (d) final sample after filling voids left by secondary ink and polishing.
The vascular architecture of the final part, detailed in Figure 3.3(a), was designed to
distribute two fluids throughout the volume of the material. The vascular systems were
positioned a distance of l/R = 2.25 from the central hole so that they were within the region
of crack length independence (see Section 2.4.1) to facilitate the determination of fracture
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toughness in the vascularized region of material. The microchannels were arranged into five
independent layers distributed through the thickness of the sample, as shown in Figure 3.3(a).
Each layer, detailed in Figure 3.3(b), consisted of eight interconnected microchannels equally
spaced at 1 mm intervals along the direction of crack propagation. The two components of
the healing chemistry, an epoxy resin (EponTM 8132, produced by Hexion Specialty Chem-
icals and supplied by Miller Stephenson Chemical Co., Inc.) and an aliphatic amidoamine
hardener (EpikureTM 3046, same producer and supplier as above), were manually injected
into alternating layers of microchannels using a syringe and 32 gauge (100 µm) stainless steel
dispensing tip (Nordson EFD, Inc.). In cases when fluorescent dyes were used to monitor
the release of the healing agents into the damage zone, approximately 0.03 wt% Nile Red
was added to the epoxy resin and 0.02 wt% Perylene to the hardener. Dissolution of the
dyes was promoted by mechanical agitation and sonication (approximately 90 min in a bath
sonicator). Healing agent injection was facilitated by blocking outflow from all intermediate
microchannels, leaving one inlet and outlet and forcing flow through each microchannel in
the layer, as shown in Figure 3.3(b). The two-part epoxy healing chemistry was selected
based on the evaluation previously conducted by Toohey et al. [11] The components are low
viscosity (0.2 and 0.6 Pa s for the hardener and resin, respectively) and have a stoichiomet-
ric ratio (2.2:1) that is comparable to the alternating layout of microchannels through the
thickness of the sample (3:2). Because each layer of microchannels is isolated, the healing
components did not come into contact until a fracture event intersected both a resin-filled
and a hardener-filled microchannel. The vascular architecture was designed to result in mul-
tiple interfaces between the resin and hardener healing agents after release into the damage
zone, thereby facilitating mixing of the healing agents and subsequent polymerization.
Vascularized control samples were identical to self-healing samples, but contained either
only resin or only hardener within the entire vascular system. Plain epoxy samples with no
microchannels were also fractured and subjected to the same testing protocol as self-healing
samples to verify that the matrix material did not heal inherently or undergo any change
(e.g. further crosslinking) that might be attributed to healing.
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Figure 3.3: (a) Schematic drawing of vascular systems manufactured in DCDC specimens via a direct-write
process. Channels shown in red contain resin, those in blue contain hardener. Not drawn to scale. (b) Front
view of individual vascular layers, illustrating the healing agent injection process.
3.2 Experimental Protocol
Virgin (unfractured) samples were compressed on a screw-driven load frame (Parker Han-
nifin) under displacement control at a constant rate of 2 µm/s. Images were acquired and
optical crack length measurements were recorded in real time and synchronized with load
and displacement data using LabVIEW. Samples were loaded until the cracks had propa-
gated through all of the microchannels and were approximately 3 mm from the end of the
sample. Healed samples were loaded under the same conditions as virgin samples.
After fracture, samples denoted as ‘mixed’ were placed on their sides and had a cyclic
crack-closing load of 40 N applied for 100 cycles in an attempt to enhance the mixing of the
healing agents in the crack plane. Samples denoted as ‘unmixed’ were placed directly into an
oven after fracture. Both types of samples were placed on their sides, with the crack plane
horizontal, in a 30◦C oven for 48 h to allow the healing agents to react and cure. These
modest curing conditions accelerated the reaction of healing agents and expedited testing of
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the healed samples [11], but were not required for the healing agents to react. The supply
of healing agents within the vasculature was maintained through multiple cycles of damage
and healing by manually recharging the microchannels with a syringe just prior to fracture
tests of the healed samples. This timing insured that if any healing agent was forced into
the crack plane, there would not be sufficient time for the injected fluid to react and affect
the heal test.
3.3 Virgin Fracture and Healing Agent Release
The virgin fracture behavior of vascularized samples was similar to plain epoxy samples
until the cracks reached the vascular region of material. Similarly to the behavior reported
in Section 2.4.1, the applied stress increased when cracks intersected the vascular features
and propagation was halted. Crack propagation was typically unstable when it resumed after
cracks intersected the first row of microchannels, but crack arrest occurred before complete
cleavage of the sample.
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Figure 3.4: Applied stress as a function of crack length in representative plain epoxy and vascularized DCDC
specimens. The level of stress used to determine KIC in each instance is plotted as a dashed line.
The mode I critical stress intensity factor (KIC) of virgin vascular samples was evaluated
using Equation 2.9 along with the specimen dimensions and the maximum stress applied for
crack propagation. In Figure 3.4, the level of stress used to calculate KIC for each sample is
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indicated with a dashed horizontal line. Using the maximum stress (in the vascularized region
of material) to calculate KIC for vascular samples, rather than the region before the first row
of microchannels (0.75 < l/R < 2.25), takes into account the higher apparent resistance to
crack propagation in the vascular material as compared with plain, non-vascularized epoxy.
After loading to fracture, healing agents flowed into the crack plane, driven by capillary
forces and were visualized using fluorescent dyes (Figure 3.5). The alternation between
resin and hardener-filled channels through the thickness of the sample resulted in multiple
interfaces between the resin and hardener in the crack plane, providing a more favorable
condition for diffusional mixing of the two components.
ResinHardener
Figure 3.5: Evolution of healing agents (resin and hardener) released into the crack plane after fracture.
Resin and hardener were dyed with Nile red and perylene, respectively. Scalebars are 2 mm.
3.4 Healing Performance
Healed samples exhibited a range of fracture behavior, as shown in Figure 3.6. After the first
healing event in this representative sample, high levels of stress were necessary to propagate
the cracks, even before the vascular region of material. After subsequent healing events (2, 3,
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and 8 in Figure 3.6), cracks propagated at lower levels of stress before reaching the vascular
region, but the healed material in the vascular region of material was tougher, requiring a
higher stress for propagation. This inhomogeneous behavior of the healed material can be
explained by an uneven distribution of healing agents along the crack plane, and is consistent
with more reliable healing agent delivery close to the vascular system, as would be expected.
In Figure 3.5, the healing agents are shown infiltrating the entire crack after the virgin
fracture event, but healing agent release after subsequent damage events was obscured by
the presence of fluorescently-dyed healed material in the crack plane.
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Figure 3.6: Applied stress as a function of crack length in a representative healed sample after 1, 2, 3, and
8 healing events. The level of stress used to determine KIC in each instance is plotted as a dashed line.
In healed samples, KIC was evaluated using the maximum stress observed before the end
of the vascularized region (0 < l/R < 5.75). The healing efficiency of each healing event
was calculated as the ratio of the healed fracture toughness (KIC)Healed to that of the virgin
fracture toughness (KIC)Virgin:
η =
(KIC)Healed
(KIC)Virgin
× 100. (3.1)
Summaries of healing results for both unmixed and mixed samples are presented in Figure
3.7(a) and (b), respectively. The average healing efficiency and fracture toughness are plotted
for each healing event. The average healing efficiency of the mixed samples in the first
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instance of healing was 89%, slightly higher than that of the unmixed samples, at 86%.
In subsequent healing cycles, the average healing efficiency tended to decrease, as did the
number of samples that continued to heal for both mixed and unmixed samples. However,
the rate of decline was faster in the case of mixed samples. All of the unmixed samples
healed appreciably for at least 6 cycles, with two samples healing a total of 13 times. One
of the mixed samples stopped healing after two healing cycles, and only one sample healed
more than 8 times, for a total of 11 healing events.
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Figure 3.7: Average healing efficiencies and toughnesses for (a) unmixed and (b) mixed vascular samples
throughout multiple cycles of damage and healing. Error bars bound one standard deviation of error, and
the size of the sample set (n) is specified along the top axis.
The major factor limiting the healing performance of vascular self-healing samples was
the eventual blockage of microchannels and healing agent flow caused by the continuous
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build up of healed material in the crack plane after repeated cycles of fracture and healing.
This phenomenon was observed qualitatively while refilling the vascular systems with healing
agents before each fracture test. Micrographs of the fracture surfaces after samples stopped
healing (Figure 3.8) indicate that the polymer film formed by the reaction of the healing
agents obstructed microchannel access to the damage volume. Figure 3.8(a) depicts the
fracture surface of an unmixed sample after 10 healing events. The healed material formed
in the crack is located where interfaces between the resin and hardener healing agents would
be expected, based on the alternating distribution of the healing agents through the thickness
of the sample. Figure 3.8(b) depicts the fracture surface of a mixed sample after two healing
events. Although the more uniform coverage of the healed material in the crack likely
contributed to a higher degree of mechanical recovery observed in these mixed samples, the
obstruction of microchannels is more complete after fewer cycles of damage and healing,
reducing the capacity for multiple healing events. In both types of samples, the healed
material would have acted as a barrier to the flow of healing agents in the crack plane, even
when delivery from the microchannels was not inhibited. This would prevent healed material
formation outside the vascular region of material (as observed in Figure 3.6), and reduce the
contact between the resin and hardener. The reduced mobility of healing agents, along with
the prevention of flow into the crack plane explains the degradation of healing performance
with the number of healing cycles.
3.5 Control Samples and Lateral Deflection
No recovery of fracture toughness was observed in control samples, but because the samples
were not completely cleaved, some load-bearing capacity was maintained after fracture even
without any healing effect. In order to directly compare control samples to self-healing
samples, the lateral deflection of the samples under a compressive load, shown in Figure
3.9(a), was analyzed as a secondary indicator of healing. The applied stress versus normalized
lateral deflection is plotted in Figure 3.9(b) for a representative self-healing sample during
54
ROIHole
Cleaved DCDC sample
D
CD
C 
H
o
le
D
CD
C 
H
o
le
(a)
Hardener-containing Microchannels
Resin-containing Microchannels
Obscured Microchannels
Open Microchannels
D
CD
C 
H
o
le
(b)
Figure 3.8: Scanning electron micrographs of the fracture surfaces of (a) an unmixed self-healing sample after
10 cycles of damage and healing and (b) a mixed self-healing sample after two cycles of damage and healing.
Microchannels are highlighted with an open circle, and approximate locations of obscured microchannels
are denoted with a closed circle. Microchannels containing resin are shown as red, while those containing
hardener are shown as blue.
the virgin test and subsequent healed tests, and in Figure 3.9(c) for representative control
samples containing either only hardener or only resin in the vascular channels. The deflection
predicted by beam theory (assuming a crack length equal to the final crack length after the
virgin fracture tests, see Appendix E) is plotted for both the self-healing and control samples.
The lateral stiffness of the control samples after fracture is small in comparison to the self-
healing sample and the deflection is adequately predicted by simple beam theory. In contrast,
the self-healing sample has a much higher initial lateral stiffness (indicative of healing and
mechanical recovery), and only approaches the beam theory predictions at higher stress,
after crack propagation and reopening. As the number of cycles of damage and healing
increased, the lateral stiffness of the healed sample decreased. After 14 cycles of damage,
the initial lateral stiffness indicated some small degree of recovery (up to about 4 MPa), but
on the basis of crack length measurements the sample was not considered healed.
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Figure 3.9: (a) Lateral deflection (δ) of a DCDC sample under axial compression. Plots of applied stress
versus lateral deflection for representative (b) self-healing and (c) control samples with beam theory predic-
tions.
3.6 Summary
Two liquid healing agents were delivered to internal sites of damage in vascularized epoxy
specimens. Alternating the distribution of healing agents through the thickness of the sam-
ples resulted in multiple interfaces between the two healing agents in the damage zone, thus
facilitating diffusion and mixing. On average, vascular specimens recovered 86% of the virgin
fracture toughness without any external intervention, and 89% when mixing was induced
by the application of cyclic crack-closing forces. Multiple damage events initiated in the
same location were healed owing to the continuous supply of healing agents available via
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the vascular networks. Unmixed samples all displayed mechanical recovery through 6 cycles
of damage and some continued to heal for as many as 13 cycles. Mixed samples underper-
formed unmixed samples after the first heal cycle in terms of healing efficiency and number
of samples healed. Microchannel blockage and obstructed fluid flow to the damage volume
limited specimens to a finite number of healing events. This process was accelerated in mixed
samples, leading to the faster degradation of healing performance as compared with unmixed
samples. Control samples with only one or no healing agent contained in the vascular system
showed no mechanical recovery, as evidenced by lateral deflection measurements.
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Chapter 4
Self-Healing Using Pressurized
Vascular Networks
Active pumping of healing agents is utilized to deliver a larger volume of fluids more reli-
ably than capillary flow, and to promote mixing in the damage volume. The pressurized
delivery of healing agents reduces the number of microchannels necessary for effective heal-
ing, significantly reducing the vascular system volume fraction. Different pumping strategies
are employed to induce mixing in the damage volume, and the results are characterized in
terms of healing agent distribution in the damage volume, as well as the recovery of fracture
toughness.
4.1 Specimen Preparation
Vascularized DCDC fracture samples were manufactured using the technique of fiber embed-
ment and pull-out described in Section 2.4.1 to create vascular features. Two microchannels
230 µm in diameter were positioned on each half of the specimens (top and bottom), as shown
in Figure 4.1. The matrix material consisted of EponTM 828 plus 40 pph EpikureTM 3274
(produced by Hexion Specialty Chemicals, and supplied by Miller Stephenson Chemical Co.,
Inc.). Specimens were cured for 24 hours at room temperature followed by a 24 hour post-
cure at 30◦C. Samples were fractured 8 days after the post-cure treatment, during which
time they were polished flat (to remove the meniscus on the open side of the mold), and
precracks were initiated at the crowns of the hole. Precracking was accomplished by tapping
a razor blade into a notch that had been scored on the crowns of the hole, as described in
Section 2.4.1.
On each half of the specimen, one microchannel was filled with a liquid resin (EponTM 8132)
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Figure 4.1: Schematic drawing of vascular features and dimensions of a pressurized self-healing DCDC
specimen. Channels shown in red contain resin, those in blue contain hardener. Not drawn to scale.
while the other microchannel was filled with a liquid hardener (EpikureTM 3046) — the same
healing agents that were utilized in Chapter 3. Pressurized reservoirs of the healing agents
were connected to each microchannel via 1/16 inch flexible PVC tubing and 32 gauge (100
µm inside diameter, 240 µm outside diameter) stainless steel dispensing tips (Nordson EFD,
Inc.) inserted 1–3 mm into each microchannel. The healing agent reservoirs were pressurized
either with a static pressure head or using computer-controlled pumps. Microchannel out-
lets were closed during pumping, such that after fracture the only flow path for the healing
agents was into the damage zone.
4.2 Experimental Protocol
4.2.1 Fracture Testing
Samples were compressed on a screw-driven load frame in displacement control at a rate of 2
µm/s. Images were captured at regular intervals and crack lengths were measured optically.
Loading was continued until the cracks had propagated within approximately 3 mm of the
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sample ends. Samples were left on the load frame after fracture with a small compressive
load applied (approximately 50 N) to keep the sample stationary while healing agents were
pumped into the crack.
After the pumping protocol was complete, samples were disconnected from the supply of
healing agents and placed into an oven at 30◦C for 48 hours to heal. This cure cycle was
selected based on the work of Toohey et al. [11] Microchannel outlets were opened during the
healing cycle, and dispensing tips containing a small volume of healing agent were inserted
into the microchannel inlets to induce flow of the healing agents through the microchannels
driven by a small pressure head (estimated flow of 0.4 µL/h based upon a static head of
ca. 10 mm). This flow was induced to prevent the healed material from forming in the
microchannel and sealing off access to the crack plane. Samples denoted as clamped had a
100-micron-thick piece of aluminum shim stock placed in the precrack region near the hole,
and a crack-closing load of 17–19 N applied laterally so that the healed material thickness
would not exceed that of the shim stock.
Healed samples were fractured following the same experimental protocol, except in cases
when the healed fracture toughness exceeded the virgin fracture toughness. In these cases
compressive loading was discontinued to avoid catastrophic sample failure, and fracture was
induced by wedge loading with a razor so that further healing cycles could be conducted.
4.2.2 Pumping Routines
The application of static pressure heads to the healing agent reservoirs resulted in constant,
nearly equal flow rates of each healing agent into the damaged region (estimated flow of
approximately 195–224 µL/h based upon the applied static heads of 965 mm and 330 mm
for the resin and hardener respectively). More complex, dynamic, out-of-phase flow rates
(Figure 4.2) were achieved using computer controlled pumps (see Appendix F for details).
Dynamic pumping cycles were repeated 20 times before a sample was disconnected from the
pumps, whereas static pumping was discontinued as soon as the damage volume had been
filled with healing agents. The excess volume of healing agents delivered by the dynamic
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pumping protocols was removed from the surface of the samples both during and at the end
of the pumping protocol.
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Figure 4.2: Plots of the healing agent flow rates in dynamic pumping (a) routine I and (b) routine II. In
both cases, the cycle illustrated was repeated 20 times after each fracture event.
The two pumping protocols outlined in Figure 4.2 were intended to induce a higher degree
of mixing of the two healing agents than static pressure and subsequent diffusion alone.
In dynamic pumping routine I, outlined in Figure 4.2(a), improved mixing was sought by
perturbing the interface of the two healing agents with punctuated bursts of hardener and
a steady flow of resin into the damage region, as shown in Figure 4.3(a). Dynamic pumping
routine II, depicted in Figure 4.2(b), was developed to maximize the contact area between
the two healing agents in the crack plane through the formation of alternating resin/hardener
healing agent striations spanning the thickness of the samples. This flow pattern was induced
by pumping a sufficient volume of resin/hardener during each pumping cycle such that the
fluid being pumped spanned the entire sample thickness before switching to the other healing
agent (Figure 4.3(b)). This strategy was accomplished by selecting pumping parameters that
satisfy the following inequality:
Qt︸︷︷︸
vol. delivered
≥ π
4
b2δ︸ ︷︷ ︸
min. vol. to span thickness and fill crack volume
, (4.1)
where Q is the flow rate of the given healing agent being pumped (either Qresin or Qhard
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in Figure 4.2), t is the period of time over which the healing agent is pumped (either tresin
or thard in Figure 4.2), b is the sample thickness, and δ is the crack separation near the
microchannels.
hole
crack plane
radial flow
healing agents
microchannels Qresin
Qhard
hole
crack plane
radial flow
healing agents
microchannels
Q b
(a)
(b)
b
Figure 4.3: Schematic of the intended distribution of healing agents in the crack plane as a result of (a)
dynamic pumping routine I and (b) dynamic pumping routine II
4.3 Virgin Fracture and Healing Agent Delivery
Crack propagation in pressurized vascular samples (shown in Figure 4.4(a)) has already been
described in Section 2.4.4 (the case of 2 microchannels loaded without pauses). The virgin
fracture toughness was computed based upon the maximum stress (at the location of the
microchannels, l/R ≈ 2.5).
Stress-crack-length curves for healed samples either resembled that of plain epoxy samples
(i.e., the data plotted as black circles in Figure 4.4(b)), or showed a rising level of stress
for continued crack propagation (i.e., the data plotted as gray diamonds and squares). The
latter behavior was observed in healed samples in Section 3.4, and can again be attributed
to non-uniform mixing and subsequent curing of the healing agents in the crack plane.
The release and flow of healing agents into the damage volumes was observed after the
virgin fracture event using fluorescently-dyed healing agents. The progression of healing
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Figure 4.4: Applied compressive stress as a function of normalized crack length for (a) virgin vascularized
and (c) healed vascularized DCDC fracture specimens.
agents pumped into the crack plane with pumping routine II is shown in Figure 4.5. The
crack spanned the entire field of view in each frame, but is indiscernible in the images until
infiltrated with the dyed healing agents. The damage volume was nearly filled after 135 s (in
the course of the second pumping cycle), however continued pumping led to the formation
of well-mixed regions above and below the microchannels.
The final distribution of healing agents in the crack plane resulting from constant flow
under static pressure, and the two dynamic pumping protocols are compared in Figure 4.6.
Constant flow under static pressure resulted in a single interface between the resin and
hardener that spanned the length of the crack (Figure 4.6(a)). Dynamic pumping using
63
59 s 88 s 135 s 304 s 1063 s 1641 s
Figure 4.5: Fluorescent images of resin (red) and hardener (blue) healing agents pumped into the top half
of a fracture specimen using pumping routine II. The time elapsed from the start of pumping is given under
each frame and the scalebar indicates 2 mm.
routine I produced a distribution of healing agents similar to constant pumping, except at
perturbations to the resin-hardener interface such as the location above the microchannels
in Figure 4.6(b). In contrast, pumping routine II resulted in regions of well-mixed healing
agents, as shown in Figure 4.6(c). Alternating regions of resin (red) and hardener (blue)
healing agents are visible on the bottom of the zoomed region, but become less distinct
farther from the microchannels.
4.4 Pressurized Healing Performance
Healing efficiencies are presented in Figure 4.7 for each healing condition as a function of
cycle number. Flow under constant pressure resulted in a consistent recovery of approxi-
mately 58% of the virgin fracture toughness, which was largely independent of healing cycle.
The increased degree of mixing resulting from the dynamic pumping protocols translated
into consistently higher healing efficiencies as compared with the constant flow samples.
Pumping routine I produced a maximum healing efficiency of 87%, while pumping routine
II produced healing efficiencies of almost 100% for the first 7 cycles. After 15 healing cy-
cles, testing was discontinued with all of the samples still actively healing and presumably
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(a) (b) (c)
Figure 4.6: Final distribution of healing agents (resin in red, hardener in blue) in the crack plane after (a)
constant flow under static pressure, (b) dynamic pumping routine I, and (c) routing II (with enlarged image
inset). The scalebar indicates 2 mm.
capable of undergoing further recovery. In cases when a healed sample did not fracture at
or below the virgin fracture load, the test was halted (as described in Experimental Setup
and Protocol) and a healing efficiency of 100% was used to compute the average. Healed
fracture toughnesses exceeding the virgin fracture toughness are possible because the sam-
ple geometry has a preferred crack path that prevents crack deflection from tougher healed
material into virgin material.
The superior healing performance in the first 8 healing cycles of samples pumped using
routine II is attributable to the higher degree of mixing observed in these samples. The
intermediate performance of the dynamic pumping I samples is likely due to the formation of
fewer resin-hardener interfaces in the crack plane (as shown in Figure 4.6). The perturbation
of the resin-hardener interface by the pulsated flow of hardener may have promoted some
mixing along the resin-hardener interface formed (primarily a vertical stripe along the length
of the crack) that accounts for the superior healing performance over the samples with
constant flow. The healing efficiencies of both the dynamic pumping protocols degraded
after about 8 or 9 healing cycles, reaching levels comparable with constant flow samples by
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Figure 4.7: Average healing efficiencies for the first 15 healing cycles in samples pumped with constant
pressure, dynamic pumping protocol I, and dynamic pumping protocol II. Error bars and dashed lines
bound one standard deviation, and the number of each specimen tested is specified in the legend.
the end of testing.
4.5 Effect of Healed Film Thickness
Over the course of multiple cycles of damage and healing, a thick film of healed mate-
rial accumulated in the damage zone of the dynamically-pumped samples. The estimated
healed film thickness is plotted in Figure 4.8 along with the healing efficiencies for samples
pumped using routine II (denoted as unclamped). The data denoted as clamped in Figure
4.8 corresponds to samples that had lateral clamps applied during the healing cure cycle
to suppress the formation of a thick healed film. The healing performances of the clamped
and unclamped samples were similar up to the 9th healing cycle, at which point the healing
efficiencies of the unclamped samples started to decline, while those of the clamped samples
persisted at higher levels for the duration of testing.
Front and top views of the healed film are shown in Figure 4.9(a) after 15 damage-
heal cycles, and (b) after one heal cycle in samples pumped using routine II. After one heal
cycle, the regions with the most healed material correspond to the alternating resin-hardener
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Figure 4.8: Healing efficiency and healed film thickness of samples undergoing dynamic pumping routine II
with and without lateral clamps applied during healing. Error bars bound one standard deviation, and the
number of each specimen tested is specified in the legend. Schematic illustrates the location where healed
film thickness was measured.
striations in figure 4.6(c). After 15 cycles of damage and healing, the healed material spans
the entire fracture surface (Figure 4.9(a)), indicating that the flow of healing agents in later
cycles is altered by the presence of the healed material.
4.6 Healing Agent Volumes
Although the upper limit of healable damage volume was not explored, active pumping and
reservoirs of healing agents remove the constraints of limited healing agent supply and the
reliance upon capillary forces to drive flow. With a total microchannel volume of about
1.3 µL, the vascular specimens in this study healed damage volumes of approximately 8
µL (assuming a crack separation equal to the 100 µm shim stock used with the clamped
samples) or more. Complete infiltration of the damage volume was only possible with an
external supply of healing agents. Constant pumping was stopped after the damage volume
67
c
rack
 tipcr
ac
k 
tip
Hole
cr
ac
k 
tip
c
rack
 tip
Hole
(b)
(a)
Front View
Healed film
4 mm
Figure 4.9: Images of fracture surfaces after (a) 15 cycles of damage and healing and (b) one healing cycle in
specimens pumped using routine II. Microchannel locations are denoted with colored circles (red for resin,
blue for hardener) and the healed film location in (b) is highlighted with false color.
was filled, but dynamic pumping routines delivered an excess of healing agents to the damage
volume in the pursuit of inducing mixing. The total volume of healing agents delivered by
the dynamic pumping routines after each cycle of damage is given in Table 4.1.
Table 4.1: Volumes of healing agents delivered by dynamic pumping protocols to damage volumes of ap-
proximately 8 µL.
Pumping Protocol Vhardener (µL) Vresin (µL) Vtotal (µL)
Dynamic I 24 16 40
Dynamic II 25 29 54
The small vascular system volume fraction of 0.1% was sufficient for effective healing
in part because the well-defined locations of crack initiation and propagation facilitated
effective microchannel placement, but also because pumping healing agents improved the
degree of mixing in the damage volume. In Figure 4.10, the healing efficiencies resulting
from the best case of dynamic pumping (protocol II, clamped) and static pressurization
are compared to the results for unmixed specimens in Chapter 3 (Figure 3.7(a)) in which
a vascular system consisting of 40 microchannels was implemented for healing, capillary
forces induced healing agent flow, and mixing relied upon diffusion. The superior healing
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performance of the dynamically pumped sample is evident. Interestingly, the unpressurized
samples only outperformed samples with static pressure induced fluid flow on the first heal
cycle.
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Figure 4.10: Comparison of average healing performances in samples pumped using routine II and static
pressure, and relying on capillary flow (from Chapter 3). Error bars and dashed lines bound one standard
deviation, and the number of each specimen tested is specified in the legend.
4.7 Summary
High healing efficiencies were achieved using a simple vascular system consisting of two
parallel microchannels to deliver reactive fluids to regions of crack damage. With external
reservoirs of healing agents, a damage volume larger than the total vascular volume was
effectively filled and healed. Employing pressure-driven flow removes the reliance upon
capillary forces and, in the cases of dynamic pumping, mixing of the two healing agents in
the damaged region was enhanced. Improved mixing resulted in the formation of consistently
tougher healed material over the course of numerous damage-heal cycles as compared with
the alternative strategy of employing a dense spatial distribution of vascular features to
achieve mixing via diffusion.
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Chapter 5
Mitigation of Fatigue Crack
Propagation
Pressurized vascular systems are employed to deliver liquid healing agents to actively propa-
gating cracks in samples undergoing cyclic fatigue. The rate of crack propagation is measured
for varying stress intensity factor ranges (∆KI), different healing agents stored in the vas-
cular network, and different pumping strategies to deliver the healing agents. Specimens
are tested at load amplitudes ranging from Kmax = 0.62–0.84KIC. Rapidly-curing healing
agents are exploited to heal the precipitous rate of damage propagation at high Kmax.
5.1 Introduction
Brown et al. [20, 21] has proposed multiple fatigue crack-tip shielding mechanisms for self-
healing materials in which liquid healing agents are delivered to the crack plane, and react
to form a solid polymer. The hydrodynamic pressure exerted by a viscous fluid in a crack
plane shields the crack tip and reduces the rate of crack propagation [103–105]. Models that
describe this effect in metals predict a reduction in crack growth rate when the fluid viscosity
is increased, the range of applied loads (∆KI) is reduced, the frequency (f) is increased, or
the specimen thickness is increased. This mechanism becomes more potent as liquid healing
agents start to polymerize and increase in viscosity. Another shielding mechanism is crack-
bridging, which hinders crack opening due to the adhesive bonds formed between the crack
faces by healed material. Healed material formed in the crack plane also prevents crack
closure by forming a solid polymer wedge. Each of these mechanisms act to shield the crack
tip from the full range of the applied stress intensity factor (∆KI), resulting in a reduction
in the rate of crack propagation in accordance with the Paris power law:
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da
dN
= C0∆K
n
I , (5.1)
where a is the crack length, N is the number of load cycles applied, da/dN is the rate of crack
propagation, ∆KI is the range of applied stress intensity factor, and C0 and n are parameters
that depend upon the material and the loading conditions—including the frequency (f), and
stress intensity ratio (R = Kmin/Kmax).
5.2 Specimen Preparation
Fatigue crack propagation was investigated using the same DCDC fracture sample geometry
and epoxy matrix material introduced in Section 2.4.1. The vascular systems introduced in
Section 4.1, consisting of two microchannels positioned on each half of the specimen, were
used to deliver healing agents to sites of damage. Specimens were cured for 24 hours at room
temperature (20–23◦C) and a controlled humidity (20–25% relative humidity), followed by
48 hours at 30◦C. At least 7 additional days of cure time at room temperature elapsed before
samples were tested, during which time they were polished flat (to remove the meniscus on
the open side of the mold) and notches were scored at the crowns of the hole. Further
cure time beyond this minimum was not found to have a significant impact on fatigue crack
propagation.
Each microchannel contained one component (Part A or Part B) of a commercially avail-
able two-part epoxy adhesive (ITW Devcon High Strength 5 Minute R© Epoxy), which was
selected for its rapid cure kinetics. The performance of alternative healing agent chemistries
is summarized in Appendix G. External reservoirs of each healing agent were supplied to
the corresponding microchannels using 32 gauge (100 µm inside diameter, 240 µm outside
diameter) stainless steel dispensing tips (Nordson EFD, Inc.) inserted approximately 1–3
mm into the microchannels. Microchannel outlets were left open to the atmosphere, allow-
ing healing agents to flow either through the specimens, or into the damage zone (after the
microchannels were ruptured by intersecting cracks). Microchannel outlets were not closed,
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as in Chapter 4, in order to discourage microchannel blockages and obstruction of flow.
5.2.1 Self-Healing Chemistry
The chemical kinetics of the healing chemistry were characterized by dynamic scanning
calorimetry (DSC) and dynamic mechanical analysis (DMA). The degree of cure (α) was
calculated as
α(t) =
H(t)
HR
, (5.2)
where H(t) is the enthalpy of reaction up to time t, and HR is the total enthalpy of reaction.
H(t) was obtained by an isothermal DSC scan performed at room temperature, and HR was
determined by a dynamic DSC scan from 25–300◦C. Degree of cure is plotted as a function
of time at room temperature (T=25◦C) in Figure 5.1(a). After about 10 minutes the degree
of cure had reached 77% and started to plateau.
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Figure 5.1: Degree of cure (a) and storage and loss moduli (b) as a function of cure time for the 5 Minute R©
Epoxy self-healing chemistry.
The evolution of the storage and loss moduli in compression were also determined as a
function of cure time by DMA with parallel plate fixtures. Cylindrical samples of the healing
material, 7 mm in diameter and 4 mm thick, were molded and tested at regular intervals.
The resulting curves are presented in Figure 5.1(b). After 1400 s the material was sufficiently
solidified to test, and after 3300 s the storage modulus began to plateau at approximately
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250 MPa. The dynamic viscosities of each healing agent (Part A and Part B) were measured
on a rheometer with parallel plate fixtures, and are given in Table 5.1, below.
Table 5.1: Dynamic viscosities of 5 Minute Epoxy R© self-healing chemistry.
Component Viscosity (Pa s)
Part A 15.8
Part B 20.1
5.3 Experimental Protocol
5.3.1 Pumping Routines
Constant flow rates of the two healing agents were delivered during testing using a positive
displacement syringe pump (KD Scientific Model 210P). The stroke of the pump resulted
in displacement of fluid at the specified flow rates, but actual flow rates were not directly
measured at the microchannel inlets or at the points of access to the damage zone. Pumping
calibration tests were conducted in which healing agents were pumped through the same
system of tubing and dispensing tips and the mass of fluids pumped was recorded as a
function of time. The results of these calibrations (given in Appendix F) reveal that the
actual flow rates of each healing agent (QA, QB) were less than the flow rates specified
on the pump (Qspecified). At the same specified flow rate, the actual flow rate of Part B
(QB ≈ 0.56–0.59Qspecified) was lower than that of Part A (QA ≈ 0.88–1.03Qspecified). This
difference between the flow rates of Parts A and B can be explained by the higher viscosity
of Part B, and the consequently higher pressure drop due to flow through the tubing and
dispensing tips.
Alternating pumping of the healing agents was implemented to induce enhanced mixing
of the healing agents, as described in Section 4.2.2. Time-varying flow was achieved using a
pneumatic pressure controller (Nordson EFD PerformusTM V) to apply a specified pressure
to the healing agent reservoirs. The alternating pumping cycle shown in Figure 5.2 was
repeated for the duration of the test. The pressures applied to each healing agent (pA and pB,
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defined in Figure 5.2) were selected to yield approximately equal healing agent flow rates into
the microchannels, based on the assumption of Poiseuille flow and the measured viscosities
of each component (given in Table 5.1). However, pumping calibration experiments revealed
that the flow rate induced by these pressures was lower for Part B (approximately 5.5 µL/h)
than for Part A (approximately 14 µL/h). The periods of time each healing agent was
pumped (tA and tB, defined in Figure 5.2) were varied between tests.
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Figure 5.2: Single pumping cycle for alternating flow of healing agents.
5.3.2 Fatigue Testing
Precracks were grown from the scored notches by pre-test cycling (under the same conditions
as the subsequent fatigue test) until cracks extended 2 mm from the central hole. Fatigue
tests were conducted on an Instron DynoMightTM 8841 hydraulic load frame with a 1 kN
load cell. A triangular wave form (Figure 5.3) were applied at a frequency (f) of 2 Hz and
a stress intensity ratio (R) of 0.1. A range of maximum stress intensity factors (Kmax) was
applied from 62-84% of the quasi-static fracture toughness (KIC=0.59±0.01 MPa-m1/2) of
the material1. Optical measurements of crack extension were obtained from images captured
at regular intervals by a CCD camera. All tests were stopped after cracks had extended
approximately 10 mm from the central hole. After testing, each microchannel was assessed
for obstructions by injecting ethanol via a dispensing tip inserted into the microchannel.
If ethanol was not detected flowing through a given microchannel, then that channel was
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considered obstructed.
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Figure 5.3: Triangular load waveform showing relevant fatigue loading parameters.
The effect of healing agent delivery to the crack planes was quantified using the life
extension ratio, λ, introduced by Brown et al. [20] as:
λ =
Nhealed −Ncontrol
Ncontrol
(5.3)
where Nhealed is the lifetime in cycles of a vascular specimen, and Ncontrol is the lifetime of a
plain epoxy specimen (with no vascular system) under the same load conditions. Lifetimes
were determined as the number of cycles elapsed for crack extension from a length of 5 mm
(the location of the microchannels, as shown in Figure 5.5(a)) to a final length of 10 mm.
A second measure of the effect of healing agents, ψ, was defined based on the rate of crack
propagation as:
ψ = 1− (da/dN)healed
(da/dN)control
(5.4)
where (da/dN)healed and (da/dN)control are the rates of crack propagation in a vascular
specimen and a plain epoxy specimen (with no vascular system), respectively. Crack growth
rates were determined using a linear regression analysis of crack length data when crack
1This value of KIC was determined by quasi-static fracture testing of 5 samples following the procedure described in Section
2.4.3, and is practically identical to the value of 0.60±0.01 MPa-m1/2 reported in Table 2.4 for plain epoxy samples cured under
slightly different conditions.
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extension was in the range of 5 mm to 10 mm.
5.4 Crack Propagation in Plain Epoxy Specimens
With the frequency (f) and load ratio (R) held constant, the rate of crack propagation in
the epoxy matrix material, shown in Figure 5.4 , followed the Paris power law (Equation
5.1). Crack growth rates were determined using a linear regression analysis of the crack
length data in the range 5 < a < 10. The Paris law parameters, as determined by a least
squares linear fit to the data in Figure 5.4, are given in Table 5.2 and are similar to values
reported elsewhere for epoxy [19].
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Figure 5.4: Log plot of crack growth rate as a function of applied stress intensity range in plain epoxy
specimens. Experimental data are shown as black circles, and the best-fit Paris power law prediction as a
solid black line. Data with error bars represent an average of three specimens, and error bars bound one
standard deviation.
Table 5.2: Paris power law parameters for plain epoxy specimens.
C0 n
0.46 9.8
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5.5 Crack Propagation in Vascular Self-Healing Specimens
5.5.1 Fatigue Behavior at Kmax = 0.73KIC
Representative plots of crack extension as a function of time are given in Figure 5.5 for
specimens loaded toKmax = 0.73KIC. All specimens exhibited approximately the same crack
growth rates in the region of material before the microchannel locations (a < 5 mm). Cracks
in plain epoxy specimens (Figure 5.5, curve À) propagated at a nominally constant rate
owing to the crack-length-independent behavior of the DCDC specimen geometry. Vascular
samples without any fluid in the microchannels (Figure 5.5, curve Á) behaved similarly to
plain epoxy samples.
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Figure 5.5: (a) Schematic of DCDC sample showing relevant quantities and microchannel location (red
line). (b) Representative plots of crack length as a function of time in À a plain epoxy and Á empty vascular
specimens, Â vascular specimens containing one healing agent pumped at a rate of 4 µL/h, and vascular
specimens with both healing agents pumped at a rate of Ã 2 µL/h or less (obstructed), and Ä 4 − 7 µL/h
(unobstructed). All specimens were loaded to Kmax = 0.73KIC = 0.43 MPa-m
1/2.
After cracks intersected the fluid-filled microchannels (Figure 5.5, curves Â–Ä), healing
agents flowed into the crack plane and the rate of crack propagation decreased. Curve Â is
representative of specimens in which only one healing agent was supplied to the microchan-
nels (either Part A, or Part B) at rates ranging from 1–4 µL/h (the flow rate did not affect
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crack propagation). Even though both parts of the healing chemistry were not delivered to
the damage volume, there was a significant decrease in da/dN and increase in the fatigue
life. The effective stress intensity at the crack tip was estimated as (Kmax)effective ≈ 0.39
MPa-m1/2 ≈ 0.92(Kmax)applied, based on the reduced da/dN and using Equation 5.1 and
the parameters given in Table 5.2. Curve Ã is the result of a specimen with both healing
agents pumped at a constant rate of 2 µL/h or less. After testing, these specimens con-
sistently had one or more obstructed microchannels under the specified loading conditions.
When healing agents were pumped at a rate of 4 µL/h or more, fluid flow remained unob-
structed for the duration of the tests, and fatigue crack growth was further retarded (curve
Ä). Interestingly, curve Ä exhibits a distinct transition to a lower crack growth rate at a
crack length of approximately 7.5–8 mm. The effective stress intensity at the crack tip in
these specimens with both healing agents delivered to the damage zone was estimated as
(Kmax)effective ≈ 0.38 MPa-m1/2 ≈ 0.88(Kmax)applied for specimens with low pumping rates
(< 2 µL/h), and (Kmax)effective ≈ 0.36 MPa-m1/2 ≈ 0.85(Kmax)applied for specimens with high
pumping rates (4–7 µL/h).
The fatigue behavior of vascular specimens loaded to Kmax = 0.73KIC with alternating
pumping of healing agents is presented in Figure 5.6. As a point of reference, curve Ä from
Figure 5.5 for a specimen with unobstructed constant pumping is included as a dashed line.
With pumping periods (tA = tB) of 90 and 240 s (curves Å and Æ), crack propagation
initially resembled curve Ä, but the samples with alternating pumping diverged from the
specimen with constant pumping and ultimately had shorter fatigue lifetimes. With pumping
periods of 300 s (curve Ça), the fatigue performance of the specimen was greatly enhanced
as compared with constant pumping (curve Ä). The better performance of the specimen
with longer pumping periods may be the result of enhanced mixing in the crack plane, as
described in Section 4.2.2 for pumping routine II. With shorter pumping periods (90 and
240 s), the volume of healing agent delivered by each pump cycle may have been insufficient
to distribute each healing agent across the entire sample thickness, similar to the results
described previously for pumping routine I in Section 4.2.2.
78
Microchannel location
2
3
4
5
6
7
8
9
10
0 2E+5 4E+5 6E+5 8E+5 1E+6 1.2E+6
0 20 40 60 80 100 120 140 160
Cr
ac
k 
Le
n
gt
h,
 
a
 
(m
m)
Cycles, N
Time (hours)
u y t i
a
i
b
Figure 5.6: Crack length as a function of time in specimens with alternating pumping of healing agents
(curves Å–Ç) and constant flow of healing agents (curve Ä) at a rate of 4 − 7 µL/h (unobstructed). The
pumping time for each cycle was tA = tB = 90 s in curve Å, tA = tB = 240 s in curve Æ, and tA = tB = 300 s
in curves Ça and Çb.
All of the alternately pumped specimens had obstructed microchannels by the end of
testing. Although the time during testing at which flow became obstructed cannot be de-
termined, the obstructions most likley occurred near the points at which curves Å and Æ
diverged from curve Ä (approximately 2× 105 cycles and 4.1× 105 cycles, respectively). In
curve Ça, the microchannels remained unobstructed for the majority of the test, based on
the reduced rate of crack propagation sustained throughout the entire test. Results with al-
ternating pumping were not repeatable. A second sample tested under the same conditions,
curve Çb, developed microchannel blockages earlier in the test as compared with curve Ça,
resulting in faster crack growth rates.
5.5.2 Fracture Surfaces
Representative fracture surfaces of specimens with one or both healing agents present in the
vascular system during testing are shown in Figure 5.7 after crack extension to approximately
10 mm under loading to Kmax = 0.73KIC. Liquid healing agents were removed before
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Figure 5.7: Fracture surfaces of specimens loaded toKmax = 0.73KIC with (a) a single healing agent delivered
to the cracks, (b) both healing agents delivered at a low pumping rate (such that the microchannels became
clogged), (c) both healing agents delivered at 4 µL/h (such that healing agent flow was maintained throughout
testing), and (d) both healing agents delivered via alternating pumping (tA = tB = 300 s). Final crack-tip
positions are highlighted with dashed lines. Microchannels are highlighted with solid circles colored red for
those containing Part A (all the bottom channels), blue for those containing Part B (all the top channels).
imaging by flushing the crack with ethanol and gently wiping the surface. Fracture surfaces
of specimens with only Part A or only Part B supplied to the crack plane contained no solid
healed material in the crack plane (Figure 5.7(a)). This observation provides evidence that
the prolonged fatigue life of these control samples is due to hydrodynamic pressure crack-tip
shielding alone.
In contrast, fracture surfaces of specimens in which both healing agents were supplied
to the crack plane (Figure 5.7(b-d)) contained healed polymer material. The extension of
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Figure 5.8: Fracture surfaces of a specimen loaded to Kmax = 0.73KIC with both healing agents delivered at
7 µL/h (such that healing agent flow was maintained throughout testing). Both halves of the same sample
are shown. Final crack-tip positions are highlighted with dashed lines. Microchannels are highlighted with
solid circles colored red for those containing Part A, blue for those containing Part B.
fatigue life in these specimens resulted from the polymerization of the two healing agents,
which increased the viscosity of the fluids, enhancing hydrodynamic pressure crack-tip shield-
ing, and led to the formation of a solid polymer wedge that provided crack closure shielding
to the crack tip.
Samples with low pumping rates (< 2 µL/h) and obstructed microchannels by the end
of testing had the least polymer coverage in the crack plane (Figure 5.7(b)), due to one
of more blocked microchannels at some point during testing. Samples with high pumping
rates (4 µL/h) had more polymer coverage in the crack plane, but the polymer film did not
extend all the way to the final crack-tip positions (indicated with dashed lines). This lack
of complete coverage indicates that the healing agents could not access all parts of the crack
plane or that mixing was insufficient to initiate polymerization. In all cases, the polymer
formation was biased to the side of the crack plane where the microchannel supplied Part B
(the top side of each sample in Figure 5.7), indicating that the availability of Part B in the
damage zone was the limiting factor to more extensive healed material formation. The lack
of Part B in the damage zone was caused in part by its higher viscosity (limiting mobility
in the crack plane), and lower flow rates relative to Part A (as discussed in Section 5.3.1).
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Figure 5.9: Crack length as a function of time in vascular specimens with healing agents pumped at constant
rates of Ä 4 and 7 µL/h (unobstructed). Specimens were loaded to Kmax = 0.73KIC = 0.43 MPa-m1/2.
The longest fatigue lifetime was observed in the alternately pumped specimen shown in
Figure 5.7(d). Surprisingly, the extent of polymer coverage was less than in the specimen
with the constant, high pumping rate (Figure 5.7(c)). This lack of a simple correlation
between extent of polymer film and fatigue lifetime indicates that other factors, such as
the time and location of polymer formation, play a role in the fatigue performance of these
specimens. This hypothesis is supported by Figure 5.8, which is the fracture surface of a
sample with healing agents pumped at a constant rate of 7 µL/h. The locations of polymer
formation are similar to the sample shown in Figure 5.7(c), which was pumped at 4 µL/h,
except the film is more extensive near the hole in the specimen with the higher rate of
pumping. The fatigue performance and lifetimes of these two samples were approximately
the same (as shown in Figure 5.9), indicating that the additional polymer formed behind the
microchannels (and away from the crack tip location) had little effect on crack propagation.
The two matching faces of the crack plane are shown in Figure 5.8. Polymer film is evident
on both halves of the sample, indicating good adhesion between the healed material and the
presence of crack-tip shielding due to adhesive bonds formed by the healed material.
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Figure 5.10: Crack length as a function of time in È plain epoxy, É vascular specimens with both healing
agents pumped at 7 µL/h (unobstructed). Both specimens were loaded to Kmax = 0.62KIC = 0.38 MPa-
m1/2.
5.5.3 Fatigue Behavior at Kmax = 0.62KIC
In specimens loaded at the lower load of Kmax = 0.62KIC, crack propagation was completely
arrested by the constant pumping of both healing agents. Crack length as a function of time
is plotted in Figure 5.10 for plain epoxy specimens (curve È), and vascular specimens with
healing agents delivered at a rate of 7 µL/h (curve É). The microchannels in this specimen
were unobstructed at the end of testing. Cyclic loading was continued for approximately
5 days after crack propagation in the self-healing sample reached an endurance limit, after
which time the crack was considered arrested and the test was halted. Here again, as in
curve Ä of Figure 5.5, there is a distinct decrease in the rate of crack propagation at a crack
length of a ≈ 8 mm.
5.5.4 Summary of Healing Effect from Kmax = 0.62–0.84KIC
Plots of crack length as a function of time are given in Figures 5.12 and 5.13 for samples
loaded to Kmax = 0.78KIC and Kmax = 0.84KIC, respectively. The effect of healing agents
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on crack propagation rates (in terms of ψ) and sample lifetimes (in terms of λ) is plotted
as a function of the maximum stress intensity in Figure 5.11. Samples with constant, un-
obstructed pumping of healing agents were tested at maximum applied stress intensities of
Kmax = 0.62KIC, 0.73KIC, 0.78KIC, and 0.84KIC. The number of samples tested is indicated
at each point. Results were repeatable when more than one sample was tested, except in
specimens with alternating pumping, as discussed in connection with Figure 5.6. Healing
performance decreased (in terms of both ψ and λ) as the applied load (Kmax) increased. At
an applied load corresponding to Kmax = 0.84KIC the performance of the control specimens
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Figure 5.11: Effect of healing agents on (a) the crack growth rate and (b) the sample lifetime. The number
of specimens tested is specified next to each point. In the case of complete crack arrest, ψ was plotted as
100%, rather than calculated using Equation 5.4.
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Figure 5.12: Representative plots of crack length as a function of time in plain epoxy specimens, vascular
specimens containing one healing agent, and vascular specimens with both healing agents pumped at a
rate of 5 µL/h or less (obstructed), and 10 µL/h (unobstructed). All specimens were loaded to Kmax =
0.78KIC = 0.46 MPa-m
1/2.
with only one healing agent and specimens with both parts of the healing system converge,
indicating that the kinetics of damage outpace the kinetics of healing agent reaction at
this point, and the only mechanism slowing propagation is shielding due to hydrodynamic
pressure.
5.6 Healing Agent Flow and Mixing
Microchannel blockage below a critical pumping rate was due to polymerization in or around
the microchannels. The critical flow rate to prevent microchannel obstruction increased with
an increase in ∆KI in specimens with constant pumping of healing agents. Although the
critical pumping rates were not precisely determined, the value ranged from approximately
4 µL/h at Kmax = 0.73KIC to 10 µL/h at Kmax = 0.84KIC. A possible explanation for
this tendency of microchannels to clog below a critical flow rate is that the hydrodynamic
pressure of the fluid in the crack plane forced healing agents from the crack plane back into
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Figure 5.13: Plots of crack length as a function of time in a plain epoxy specimen, a vascular specimen
containing one healing agent, and a vascular specimen with both healing agents pumped at a rate of 10
µL/h (unobstructed). All specimens were loaded to Kmax = 0.84KIC = 0.50 MPa-m
1/2.
the microchannels, putting Part A and Part B into contact in the microchannels, resulting
in polymerization and clogging. This hypothesis also explains the tendency of microchannels
to clog in specimens with alternating pumping; the period of time during which the pressure
was turned off would have left those microchannels susceptible to back flow of healing agents
from the crack into the microchannel and subsequent clogging.
A distinct decrease in the rate of crack propagation is observed in self-healing specimens
in Figure 5.5 (curve Ä) and Figure 5.10 (curve É) at approximately the same crack length
(a ≈ 7.5–8 mm). This reduction in the rate of crack propagation with increasing crack
length was observed in both samples shown in Figure 5.9, but the transition to a lower
rate of propagation is more gradual in the sample with healing agents pumped at a higher
flow rate (Q = 7 µL/h). One possible explanation for this phenomenon is that the crack
separation at the location of the microchannels (δ, in Figure 5.14(a)) reaches a critical level
when a ≈ 7.5–8 mm. The maximum crack separation (when the applied load is at its peak) is
predicted as a function of the crack length in Figure 5.14(b) using classical beam theory (see
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Appendix E). Optical measurements of the maximum crack separation (solid circles) in a
sample loaded to Kmax = 0.73KIC are in reasonably good agreement with the corresponding
calculated curve. As the crack-tip extends farther from the microchannel location (at a = 5
mm), δmax increases at an accelerating rate. When a ≈ 8 mm, δmax ranges from 38–52
µm for the range of applied loads (Kmax) tested, which is the same order of magnitude as
the microchannel diameters (230 µm). Increased flow of healing agents into the damage
zone due to a larger crack opening (and correspondingly smaller pressure drop) may account
for the reduction in da/dN . Another possibility is that the increased difference between the
maximum and minimum crack separations (δmax−δmin) leads to a larger degree of mechanical
mixing of the two healing agents as they enter the damage zone. This difference between
the maximum and minimum crack separations is directly related to the quantity predicted
in Figure 5.14: (δmax − δmin) = δmax(1 − R), and would exhibit the same rapid rise with
increasing crack length.
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Figure 5.14: Maximum crack opening at the microchannel location as a function of total crack length. Curves
are plotted for each level of Kmax tested, and optical measurements of crack openings in a specimen loaded
to Kmax = 0.73KIC are plotted as solid circles. Error bars were estimated based on the image resolution
and the uncertainty associated with locating the crack faces.
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5.7 Summary
Propagating cracks were impeded or completely arrested by supplying healing agents with
rapid chemical kinetics via a simple vascular system, consisting of two microchannels. The
degree of crack retardation depended upon the applied load amplitude, the healing agents
delivered, the rate and manner of healing agent delivery, and the position of the crack
tip relative to the microchannel location. The results suggest that enhanced fatigue crack
retardation is possible using alternating pumping routines to enhance mixing, similar to those
employed in Chapter 4. However, alternating pumping leaves microchannels susceptible to
back flow from the damage volume and subsequent blockage.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
The impact of incorporating vascular systems into structural, load-bearing materials was
assessed in terms of stiffness, toughness, strain distribution, and crack propagation. Dense
vascular systems (vascular volume fraction, Vvascular ≈ 9–14%) decreased the bulk stiffness
by 35–42%. The bulk fracture toughness dropped by 15.4% at a vascular volume fraction
of 9.2%. The concentration of strain surrounding vascular features under uniaxial tension
was characterized and compared with an analytical solution for a hole embedded in a finite
strip. Crack propagation was impeded by vascular features oriented normal to the crack
plane, but only when the crack-tip position was not allowed to equilibrate at a given load,
or when the density of vascular features in the path of the crack was sufficiently high.
A test protocol was developed utilizing the double cleavage drilled compression fracture
sample geometry to initiate cracks in a vascularized material and assess the degree of me-
chanical recovery after healing. The flow of healing agents into the damage volume was
visualized using fluorescent dyes and the distribution of healing agents was qualitatively
assessed. An average recovery of up to 89% of the virgin fracture toughness was observed
after the first cycle of healing, and recovery was demonstrated through as many as 13 cycles
of damage and healing. The disruption of healing agent flow into the damage volume by the
build up of polymer in and around the vascular features led to a gradual decrease in healing
efficiency, and ultimately prevented further healing events.
Continued access of healing agents to the damage zone was improved using external
pumps to pressurize the flow of healing agents. Pressurized vascular specimens continued
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healing through 15 cycles of damage and maintained the potential to undergo further healing
events at the end of testing. Dynamic pumping protocols were utilized to enhance mixing
in the damage zone, and close to complete recovery of fracture toughness (η=85–100%) was
achieved when the thickness of the healed film was controlled. All this was accomplished
while reducing the volume fraction of the vascular system.
Propagating crack damage was slowed or stopped using pressurized vascular systems to
deliver healing agents with rapid chemical kinetics to specimens loaded in cyclic fatigue. The
degree of crack retardation was improved when the rate of pumping was sufficient to prevent
microchannel blockage, and the supply of healing agents was maintained to the damage
zone. Dynamic pumping strategies to induce better mixing in the crack, modeled after
those presented in Chapter 4 were attempted and, in one case, improved crack retardation.
However, samples pumped in this manner were susceptible to microchannel blockage and
the enhanced performance lacked repeatability.
6.2 Future Work
Mechanical Properties
Crack pinning on vascular features could be a powerful mechanism to increase the frac-
ture toughness of vascular materials, and to arrest cracks while healing agents are released
(providing time for a healing response before further propagation). Although reinforcing
layers surrounding vasculature were shown to reduce the concentration of strain (Section
2.2.3) [83,97], there was no significant effect on crack propagation reported in Section 2.4.4.
Enhanced crack pinning at vascular features might be accomplished using local reinforce-
ment, but with thicker, tougher, higher strain to failure (capable of crack bridging) reinforc-
ing layers, different particle reinforcement, short fiber reinforcement. Another interesting
strategy for affecting crack propagation would be to incorporate weak interfaces in the rein-
forcement surrounding the vasculature. In bone, the cement lines between osteons are weak
90
interfaces that are thought to play a role in crack deflection, which is a significant source
of toughening. Other variables affecting crack propagation and pinning still have not been
fulling explored. The concentration of microchannels was found to have an effect on crack
propagation in Section 2.4.4, but only two different cases were tested. The effect of more
microchannels through the thickness, and along the length of the crack remains to be seen.
Another unexplored variable is the orientation of the crack relative to the vascular features.
In order for structural vascularized materials to be feasible, the vascular features must be
well-integrated mechanically such that the virgin mechanical properties of the matrix ma-
terial are maintained or improved. Accomplishing this goal will almost certainly require a
transition away from homogeneous matrix materials to more complex, heterogeneous matrix
materials with appropriate spatial distributions of the relevant mechanical properties (i.e.
stiffness and strength). One of the biggest challenges to creating such materials is finding
or developing suitable manufacturing techniques that allow specific distributions of material
properties and that can create complex geometric features, like vasculature. The technique
of embedding fugitive wax ink structures into a matrix material is not compatible with
many conventional materials and processing techniques due to the fragility of the fugitive
structure. More robust fugitive inks would expand the processing options and potentially
open the door to new matrix materials, including fiber-reinforced polymers, metals, and ce-
ramics. Alternatively, so-called ‘bottom-up’ manufacturing techniques could allow a matrix
material to be grown around a fugitive structure. Promising examples of ‘bottom-up’ tech-
niques include layer-by-layer assembly (to form the bulk material, not just a thin reinforcing
layer) [106–108], self-assembly [109], ice-templating [110–112], and rapid prototyping tech-
niques [113]. In addition to tailoring the material surrounding vasculature, placing struts,
bridging fibers, or porous material inside the vascular features could help reduce the impact
of the vasculature on the stiffness and strength of the bulk material, but at the expense of
impeding fluid flow.
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Self-Healing and Other Functions
In Chapter 4, pressurized vascular systems with external healing agent reservoirs enabled
healing of damage volumes that are larger than the volume of healing agents contained within
the vascular system. However, the upper limit of healable damage volumes has not been
explored. Damage volumes in this work were sufficiently confined so that healing agents
stayed in place while they cured. Larger, less confined damage volumes may present the
new problem that healing agents could flow out of the damage volume rather than filling it.
A fast-curing healing chemistry (such as the chemistry introduced in Chapter 5) could help
avoid this potential problem, as could higher viscosity healing agents. Another strategy for
filling large damage volumes is to create a scaffold in the damage zone to help anchor and
support healing agents before they cure. Such scaffolds could be constructed from suspended
solids in the healing agents that self-assemble in the damage zone. Electrostatic, magnetic,
or capillary forces could drive the self-assembly. In the extreme case, forming healed material
in an unbounded volume would essentially be mimicking growth.
In addition to using fast-curing healing chemistries to fill larger damage volumes, it would
be interesting to implement these healing agents to speed the recovery time for healing
of quasi-static damage. This was attempted before dynamic pumping routines had been
developed to induce mixing in the crack plane, but the healing performance was poor because
rapid polymerization at the interface between the two healing agents in the crack plane
prevented mixing. With the aid of pumping routines that induce mixing, it may be possible
to heal quasi-static damage in a matter of minutes, rather than days.
A disadvantage of the pumping strategies developed here is that they rely upon the dis-
placement of healing agents from the damage zone in order to form the well-mixed regions.
Excess healing agent was able to exit the damage zone in the DCDC specimens tested in
Chapter 4, but if damage were more confined the mixing process may not have been pos-
sible or effective. Ideally, healing agents should be in very close contact as soon as they
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are released into a damage zone, and mixing should be induced when the damage volume is
first infiltrated. The circulation of multiple fluids within a single conduit would ensure the
simultaneous release of two or more healing agents in close proximity, and could be possible
with membranes or internal walls to separate multiple fluids, much like haversian canals
in bone contain multiple blood vessels. Mechanical mixing could be induced upon healing
agent release by implementing electrohydrodynamic mixing at the point of healing agent
release. Electrokinetics would require appropriately selected healing agents or charged/mag-
netic particles in suspension, and a means of inducing an appropriate electrical or magnetic
field to induce flow. Another strategy to improve mixing could be suspending microcap-
sules containing one healing agent (i.e. a liquid hardener) within the other component (i.e.
the resin) and initiating microcapsule release in the damage zone by some means—either
mechanical or chemical (such as crushing, a change in pH, or a change in ionic strength).
Healing agents that react with some species in the damage zone (i.e. moisture, or air)
would eliminate the need for mixing, and could be viable if microchannels afforded sufficient
protection to prevent reaction until they were ruptured by damage. This protection could
be accomplished by depositing a diffusion barrier inside the microchannel wall, as has been
demonstrated in PDMS microfluidic devices [114], but may not prevent healing agent solidi-
fication within the vascular network after the first damage and rupture event. This potential
drawback to highly reactive healing agents could be addressed if it were possible to seal the
vascular system after rupture by somehow repairing the microchannel walls. An alternative
to repairing microchannel walls is to simply close off the ruptured microchannel from the
rest of the vascular system using internal valves and designing the vascular system with
redundant paths of flow. A method of repairing microchannel walls, or using internal valves
to stop flow to a ruptured area would also be useful with two-part healing chemistries to pre-
vent excessive release of healing agents. Check valves could also help prevent microchannel
blockage due to back flow, as reported in Chapter 5.
Many opportunities exist to extend the intended functions of the vascular system be-
yond self-healing. Integrated damage sensing would be particularly complimentary to a
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self-healing material because it would enable integrated control and feedback for managing
the healing response. For example, a vascular material that sensed damage and microchan-
nel rupture could implement a pumping routine to induce mixing. If the size and/or shape
of a damage volume could be detected, the material could even calculate an appropriate
pumping routine on the fly to optimize mixing based on the strategies presented in Section
4.2.2. After an appropriate volume of healing agent release the pumping rates could be
slowed or stopped to allow the material in the damage zone to cure. Electrical techniques of
damage detection are one possible route to integrate sensing [115]. Vascular features with
electrically conductive coatings, which might be applied using LBL assembly, could play a
role in a sensing vascular material. Alternatively, the pressure of circulating fluids could be
monitored as an indicator and damage and rupture [60, 61].
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Appendix A
Robotically Controlled Deposition
A.1 G-Code for Robotically Controlled Deposition
The fugitive ink scaffolds used to create the vascular system architectures described in Chap-
ter 2 consisted of four layers, stacked in the z-direction and repeated to reach the desired
height. Top views of these layers are shown in Figure A.1. Layers shown in red have features
(oriented in either the x- or y-direction) that are located midway between features of the
correspondingly-oriented blue layers (to create the ‘offset’ architecture shown in Figure 2.4).
Type I Type II Type III
Layer 1
Layer 2
Layer 3
Layer 4
Stacked
y
x
Figure A.1: Top views of fugitive ink scaffold layers used to create vascularized beam samples.
An example of the g-code used to deposit the four repeating layers that make up a scaf-
fold for a Type I vascular network is given below. Each layer begins with the deposition
of an outer rectangle that serves to support the fugitive structure and anchor the filaments
spanning the inside of the rectangle. At the start of each new layer, the plane of deposition is
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iterated 165 µm in the z-direction, rather than the full 200 µm diameter of the ink filaments.
This smaller distance between layers ensures that each layer is in contact with the previous
layer. Comments are denoted with a semicolon, and are italicized in the example below.
Example g-code for a Type I vascular network, layers 1–4:
1 ; Begin Layer 1
2
3 G1 X−4 F10 ; Linear motion , 4 mm in the nega t i v e x−d i r e c t i on , at a ra te o f 10 mm/s
4 G1 Y−32 F10 ; Linear motion , 32 mm in the nega t i v e x−d i r e c t i on , at a ra te o f 10 mm/s
5 G1 X4 F10 ;
6 G1 Y32 F10 ;
7 G1 X−4 F10 ;
8 G1 Y−2 F10 ;
9 G1 X4 F10 ;
10 G1 Y−2 F10 ;
11 G1 X−4 F10 ;
12 G1 Y−2 F10 ;
13 G1 X4 F10 ;
14 G1 Y−2 F10 ;
15 G1 X−4 F10 ;
16 G1 Y−2 F10 ;
17 G1 X4 F10 ;
18 G1 Y−2 F10 ;
19 G1 X−4 F10 ;
20 G1 Y−2 F10 ;
21 G1 X4 F10 ;
22 G1 Y−2 F10 ;
23 G1 X−4 F10 ;
24 G1 Y−2 F10 ;
25 G1 X4 F10 ;
26 G1 Y−2 F10 ;
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27 G1 X−4 F10 ;
28 G1 Y−2 F10 ;
29 G1 X4 F10 ;
30 G1 Y−2 F10 ;
31 G1 X−4 F10 ;
32 G1 Y−2 F10 ;
33 G1 X4 F10 ;
34 G1 Y−2 F10 ;
35 G1 X−4 F10 ;
36 G1 Y−2 F10 ;
37 G1 X4 F10 ;
38 G1 Y−2 F10 ;
39 G1 X−4 F10 ;
40
41 ; Begin Layer 2
42
43 G1 Z0 .165 F10 ; Step d i s p en s i n g t i p up 165 microns
44 ; in the z−d i r e c t i o n to depo s i t on a new x−y p lane
45 G1 X4 F10 ;
46 G1 Y32 F10 ;
47 G1 X−4 F10 ;
48 G1 Y−32 F10 ;
49 G1 X1 F10 ;
50 G1 Y32 F10 ;
51 G1 X2 F10 ;
52 G1 Y−32 F10 ;
53 G1 X1 F10 ;
54 G1 Y32 F10 ;
55
56 ; Begin Layer 3
57
58 G1 Z0 .165 F10 ;
59 G1 X−4 F10 ;
60 G1 Y−32 F10 ;
61 G1 X4 F10 ;
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62 G1 Y32 F10 ;
63 G1 Y−1 F10 ;
64 G1 X−4 F10 ;
65 G1 Y−2 F10 ;
66 G1 X4 F10 ;
67 G1 Y−2 F10 ;
68 G1 X−4 F10 ;
69 G1 Y−2 F10 ;
70 G1 X4 F10 ;
71 G1 Y−2 F10 ;
72 G1 X−4 F10 ;
73 G1 Y−2 F10 ;
74 G1 X4 F10 ;
75 G1 Y−2 F10 ;
76 G1 X−4 F10 ;
77 G1 Y−2 F10 ;
78 G1 X4 F10 ;
79 G1 Y−2 F10 ;
80 G1 X−4 F10 ;
81 G1 Y−2 F10 ;
82 G1 X4 F10 ;
83 G1 Y−2 F10 ;
84 G1 X−4 F10 ;
85 G1 Y−2 F10 ;
86 G1 X4 F10 ;
87 G1 Y−2 F10 ;
88 G1 X−4 F10 ;
89 G1 Y−2 F10 ;
90 G1 X4 F10 ;
91 G1 Y−2 F10 ;
92 G1 X−4 F10 ;
93 G1 Y−2 F10 ;
94 G1 X4 F10 ;
95 G1 Y−1 F10 ;
96 G1 X−4 F10 ;
98
97
98 ; Begin Layer 4
99
100 G1 Z0 .165 F10 ;
101 G1 X4 F10 ;
102 G1 Y32 F10 ;
103 G1 X−4 F10 ;
104 G1 Y−32 F10 ;
105 G1 Y32 F10 ;
106 G1 X2 F10 ;
107 G1 Y−32 F10 ;
108 G1 X2 F10 ;
109 G1 Y32 F10 ;
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Appendix B
Fluorescent Digital Image Correlation
B.1 Digital Image Correlation
y, y
q
q
p
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xp xq x p x q
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y q
Initial image
Deformed image
y
x
y
Figure B.1: Undeformed and deformed images and quantities used in digital image correlation.
Digital image correlation uses images acquired before and after a mechanical deformation
or displacement to obtain kinematic information associated with the motion. For two-
dimensional motions and small strains, the location of a point, q, in the deformed configura-
tion (x′q′, y
′
q′) may be related to its location in the undeformed configuration (xq, yq) through
the deformation undergone by the center point, p:
x′q′ = xq + up +
∂up
∂x
∆x+
∂up
∂y
∆y (B.1)
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y′q′ = yq + vp +
∂vp
∂x
∆x+
∂vp
∂y
∆y (B.2)
where up and vp are the displacements of the center point, and ∆x and ∆y are the distances
in the x and y directions from the image center (p) to the point of interest (q). The quantities
up, vp, ∂up/∂x, ∂up/∂y, ∂vp/∂x, and ∂vp/∂y are all determined by a correlation algorithm
that minimizes a correlation coefficient (Equation B.3). Full-field strain and displacement
data are obtained by calculating these quantities for subsets of pixels located at regular
intervals across the image.
C =
∑
S f(x, y)− g(x′, y′)∑
S f
2(x, y)
(B.3)
where f(x, y) is a function that gives the pixel intensity at any point in the undeformed
image and g(x′, y′) is a function that gives the pixel intensity at any point in the deformed
image, and the summations are carried out over the extents of the pixel subset of interest.
The effect of smoothing displacement data using a moving averaged, as described in
Section 2.2.1, is shown in Figure B.2.
B.2 Displacement Resolution
The displacement resolution of the FDIC technique as implemented for this work was es-
timated using a calibrated piezoelectric actuator to induce a rigid body translation of an
epoxy specimen coated with fluorescent nanoparticles. The results are given in Figure B.3,
for comparison Figure B.4 provides the same estimate for measurements made using the
same optical system, but with higher magnification and smaller fluorescent particles [86].
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Figure B.2: Comparison of raw displacement contours generated by the DIC algorithm (red) and contours
smoothed using 5 passes of a moving average with a window size of 3 by 3 points.
Figure B.3: Comparisons between DIC results and calibrated rigid body translations produced by a piezo-
electric actuator in the range of 0–100 nm using 380 nm diameter fluorescent nanoparticles and an imaging
systems with a resolution of 526 nm/pix.
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Figure B.4: Comparisons between DIC results and calibrated rigid body translations produced by a piezoelec-
tric actuator in the range of (a) 0–10µm and (b) 0–100 nm using 180 nm diameter fluorescent nanoparticles
and an imaging system with a resolution of 134 nm/pix. Figure reproduced from Berfield et al., 2006.
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B.3 Fluorescent Nanoparticles
The size of the fluorescent nanoparticles can be predicted based on the concentration of the
reagents used to synthesize them, according to equations developed by Bogush et al. [116].
The diameter of the dye doped cores is given by:
d = A[H2O]
2 exp(−B[H2O]1/2), (B.4)
where d is the diameter of the particles, [H2O] is the molarity of water, and the functions A
and B are given below.
A = [TEOS]1/2(82− 151[NH3] + 1200[NH3]2 − 366[NH3]3), (B.5)
and
B = 1.05 + 0.523[NH3]− 0.128[NH3]2, (B.6)
where [NH3] is the molarity of ammonia, and [TEOS] is the molarity of tetraethyl orthosil-
icate.
The final diameter of the particles after growing a silica shell around the dye-doped cores
can be predicted using:
d = d0
(
V
V0
)1/3
(B.7)
where d is the final diameter of the particles (after growth of the shell), d0 is the initial
diameter of the cores (either estimated by Equation B.4, or directly measured), V0 is the
amount of TEOS (in moles) used to created the cores, and V is the total amount of TEOS
(in moles) used to create both the cores and the shell.
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Appendix C
Layer-by-layer Assembly
The automated dipper used to carry out LBL assembly is shown in Figure C.2, with a zoomed
view of the rotating platform on which beakers of the aqueous solutions were placed.
Figure C.1: Dipper with zoomed view of rotating beaker stage, which contain the aqueous solutions for LBL
deposition.
Before starting LBL assembly, the nylon fibers or fugitive ink structures had negative
surface charges owing to submersion into a 1M solution of NaOH for approximately 15
minutes or more (in the case of the nylon fibers), or incorporation of 5 wt.% steric acid into
the fugitive ink material. All solutions were adjusted to a pH of approximately 10 to avoid
the isoelectric point of the halloysite clay nanotubes. Table C.1 lists the aqueous solutions
contained in each beaker, in the order in which specimens were cycled.
The volume of fluid in the rinse beakers was slightly greater than that of the anion/cation
so that specimens were submerged further into the rinses and cross-contamination between
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Figure C.2: Scanning electron micrograph of halloysite nanotubes, reproduced from Ye et al., 2007.
Table C.1: Solutions used for LBL assembly of halloysite/PDADMAC multilayer composites, listed in order
of dipping.
Beaker Solution Volume Time Replaced?
1 - Polycation 2E−2 M PDADMAC 110 mL 10 min. N
2 - Rinse Filtered water 120 mL 5 min. Y
3 - Rinse Filtered water 120 mL 1 min. N
3 - Rinse Filtered water 120 mL 1 min. N
5 - Anion 2 mg/L Halloysite 100 mL 10 min. N
6 - Rinse Filtered water 120 mL 5 min. Y
7 - Rinse Filtered water 120 mL 1 min. N
8 - Rinse Filtered water 120 mL 1 min. N
the two solutions of oppositely charged species was avoided. Rinse solutions 2 and 6 were
emptied and replaced after each cycle, and all the solutions were changed after deposition
of 10 bilayers.
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Appendix D
Strain Concentration Around a Hole
in Tension
D.1 Hole in a Finite Strip in Tension
The stress field for a finite strip with a single hole loaded in tension are repeated here
from [92]. The corresponding strain may be obtained using Hooke’s law and displacements
may be obtained by integrating the expressions for strain.
a
y
x
r
θ
b
b
p p
Figure D.1: Finite strip of width 2b with centrally-located hole of radius a loaded in tension. Axes defined
with origin at the hole center.
σρ = p
[
1
2
(1 + cos(2θ)) + 2m0 − d0
ρ2
+ 2
∞∑
n=1
[n(2n+ 1)d2n
ρ2n+2
+
(n+ 1)(2n− 1e2n)
ρ2n
+ 2n(2n− 1)l2nρ2n−2 (D.1)
+ (n− 1)(2n+ 1)m2nρ2n
]
cos(2nθ)
]
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σθ = p
[
1
2
(1− 2 cos(2θ) + 2m0 + d0
ρ2
+ 2
∞∑
n=1
[n(2n + 1)d2n
ρ2n+2
+
(n− 1)(2n− 1)e2n
ρ2n
+ n(2n− 1)l2nρ2n−2 (D.2)
+ (n + 1)(2n+ 1)m2nρ
2n
]
cos(2nθ)
]
τρθ = −p
[
1
2
sin(2θ) + 2
∞∑
n=1
[
n(2n− 1)
(
l2nρ
2n−2 − e2n
ρ2n
)
+ n(2n+ 1)
(
m2nρ
2n − d2n
ρ2n+2
)]
sin(2nθ)
]
(D.3)
where ρ = r/b and all other quantities are defined in Figure D.1. For a/b = 0.1 the
coefficients dk, ek, lk, and mk are given in Table D.1, below.
Table D.1: Coefficients in Equations (D.1), (D.2), and (D.3) for a/b = 0.1.
k = 0 k = 2 k = 4 k = 6 k = 8 k = 10 k = 12 k = 14
dk 5.01E
−3 2.54E−5 3.15E−11 1.40E−15 5.00E−20 – – –
ek – −5.08E−3 −4.21E−9 −1.68E−12 −5.72E−18 – – –
lk – 4.13E
−3 1.06E−3 2.83E−4 7.24E−5 1.82E−5 4.65E−6 1.15E−6
mk 5.69E
−4 −1.13E−3 −5.95E−4 −2.28E−4 −7.65E−5 −2.39E−5 −7.30E−6 –
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Appendix E
DCDC Sample Analysis
The following analysis is reproduced from reference [101] by Plaisted et al.
x
y
l
R
σa
2w
Figure E.1: DCDC fracture sample geometry showing relevant dimensions and loading. Image reproduced
from Plaisted et al., 2006.
E.1 Short Crack Regime
In the short crack regime, the stress field is dominated by the presence of the hole in the
DCDC geometry.
2a
xx P
Figure E.2: Geometry of a crack in an infinite plate subjected to two sets of concentrated forces. Image
reproduced from Plaisted et al., 2006.
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The stress intensity factor for a crack in an infinite plate subjected to two sets of concen-
trated forces (Figure E.2) is [118]:
K =
P√
πa
(√
a+ x
a− x +
√
a− x
a+ x
)
(E.1)
The stress intensity factor in a DCDC sample in the short crack regime is obtained by
calculating an equivalent crack-opening force based on the stress field expected for a hole in
a semi-infinite plate under uniaxial compression (for the details of these calculations, refer
to [101]). When this equivalent force is inserted into Equation E.1 for P , the result is:
K =
dσa(l)
√
R√
π(1 + λ)
(√
1 + λ+ e
1 + λ− e +
√
1 + λ− e
1 + λ+ e
)
(E.2)
where d and e are parameters that define the magnitude and location of the equivalent force
respectively and λ is defined as λ = l/R. To account for the finite dimensions of the DCDC
specimen, the parameter d was viewed as a scaling parameter and calibrated experimentally
by Plaisted et al. for a range of sample widths (w). The following expression for d was
obtained:
d(w/R)
dinf
= 5.7− 0.75w
R
(E.3)
where dinf = 0.19254 is the value of d for the case of a semi-infinite plate.
E.2 Long Crack Regime
When the crack length extends sufficiently far from the stress concentration due to the
hole, the Euler beam model—applied to each quarter of the sample—describes the sample
behavior well.
The boundary value problem is defined by the following:
d2
dx2
(
EI
d2v
dx2
)
= 0 (E.4)
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v(x = l +R) = 0 (E.5)
dv
dx
(x = l +R) = 0 (E.6)
dv
dx
(x = 0) = 0 (E.7)
EI
d2v
dx2
(x = 0) =M0 (E.8)
where E is Youngs modulus and I is the moment of inertia about the z-axis (out of the page
in Figure E.1). The resulting bending moment in the beam is:
M(x; l) = EI
d2v
dx2
(x) =M0
(
1− 2 x
l +R
)
(E.9)
The bending energy is obtained using Equation E.9 in the following expression:
E(l) =
∫ l+R
0
[M(x; l)]2
2EIb
(E.10)
where b is the thickness of the sample and I = bw3/12. The bending energy allows the
calculation of the energy release rate (G = 2∂E
∂l
), which is then related to the stress intensity
factor:
K =
√
EG
=
2M0
bw3/2
(E.11)
The bending moment, M0, is constant with increasing deflection in this regime, based on
experimental observations that the applied stress, σa, is constant. Therefore, according to
Equation E.11, the stress field at the crack tip is independent of crack length when cracks
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are long relative to the hole radius (R) and the sample width (w).
The bending moment can be expressed in terms of a non-dimensional function, g(w/R):
M0(R,w) = σpbwRg(w/R) (E.12)
This function g(w/R) was solved by assuming that the axial stress on the plane x = 0
consists of two parts: the compressive stresses near a hole in an infinite plate, and a linear
bending stress distribution. Imposing axial equilibrium and calculating the bending moment
about the neutral axis (y = w/2) yields an expression for the function g(w/R):
g(w/R) =
3 + 2ln(w/R)
4(w/R)
− 1
4(w/R)3
(E.13)
Finally, the expression for the stress intensity factor in the long crack regime becomes:
K =
2g(w/R)σp√
wR
(E.14)
The axial stress (σa) is plotted against normalized crack length (λ) in Figure E.3, using
an experimentally determined value of KIC, along with the expressions for K in both long
(Equation E.14) and short crack (Equation E.2) regimes to calculate the applied stress.
Experimental data is included for an epoxy sample.
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Figure E.3: Applied stress as a function of crack length as measured in an epoxy DCDC specimen (solid
circles) and as predicted using Equations E.2 and E.14 (dashed lines).
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E.3 Lateral Deflection
The lateral deflection of DCDC specimens was predicted as a function of the applied stress
in Section 3.5, and as a function of the crack length in Section 5.6 using beam theory. The
boundary value problem has already been defined by Equations E.4, E.5, E.6, E.7, E.8. The
solution for the deflection is:
ν = − M0
6EI
[
3x2 − 2x
3
(l +R)
− (l +R)2
]
(E.15)
The deflection at the center of the specimen (discussed in Section 3.5) may be determined
by setting x = 0 mm, and the deflection at the microchannel location (discussed in Section
5.6) may be determined by setting x = 5 mm. The predicted deflection better matched
experimental data when the bending moment, M0 was estimated as
M0 = σabwR, (E.16)
based on the assumed loading shown in Figure E.4, rather than using Equation E.12. Note
that the total lateral deflection, δ, is twice the deflection calculated in Equation E.15 (ν).
x
y, ν
l
R
w
P = σ bw
P
a
Figure E.4: Assumed load for estimate of M0 in Equation E.16.
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Appendix F
Pump Calibrations
(a) (b)
pressure control box
pneumatic line
healing agent line
healing 
agent 
syringe
dispensing
tips
dispensing
tipssyringe pump
healing 
agent 
syringe(s)
healing agent line(s)
Figure F.1: Apparati used to pressurize healing agent flow: (a) pneumatic pressure controller, and (b)
positive displacement syringe pump.
F.1 Quasi-Static Self-Healing Chemistry
The healing chemistry used to address quasi-static fracture damage in Chapter 4 was pumped
using pneumatically applied pressure via a controller (Figure F.1(a)) for the hardener (Epikure
3046) and a positive displacement syringe pump (Figure F.1(b)) for the resin (Epon 8132).
The healing agent reservoirs were contained in syringe barrels that were either connected to
the pneumatic line or placed in the syringe pump. Healing agents were connected to vascular
samples via tubing, luer lock and barb fittings (obtained from Cole-Parmer), and dispensing
tips (from Nordson EFD, inc.) that were inserted into the microchannel inlets.
The time-averaged healing agent flow rates induced through these pumping systems were
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determined by applying a known pressure with the pneumatic pump or by specifying a given
flow rate with the syringe pump (resulting in a corresponding displacement rate applied to
the syringe piston) and measuring the fluid delivered. The results of this calibration are
given for the pneumatic system in Figure F.2.
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Figure F.2: Average flow rate of Epikure 3046 as a function of applied pressure. Measured after a pumping
period of 10 minutes.
The syringe pump calibration is given in Figure F.3(a), and a plot of flow rate as a
function of time at a specified flow rate of 4µL/min is given in Figure F.3(b). Due to the
large pressure losses associated with the tubing, fittings, and (especially) the dispensing tips,
the measured flow rate did not match the specified flow rate. After approximately 900 s the
average flow rate appears to plateau in Figure F.3(b). Therefore the syringe pump was run
for approximately 900 s. before being used to supply healing agents to a damaged specimen,
and the average flow rates plotted in Figure F.3(a) were measured after the initial 900 s.
Note that the flow rates measured in this calibration were total flow rates from the syringe.
Each syringe was connected to two microchannels during testing (one on the top half of the
sample, the other on the bottom). The flow rate to each microchannel was assumed to be
half of this value.
F.2 Fatigue Self-Healing Chemistry
The healing chemistry used to address fatigue damage in Chapter 5 was pressurized using
either two pneumatic controllers, as shown in Figure F.1(a), or the syringe pump in Fig-
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Figure F.3: Measured flow of Epon 8132 (a) as a function of the specified flow rate, and (b) as a function
of time at a specified flow rate of 4 µL/min. The incremental flow rate is plotted as solid squares, while the
cumulative average is plotted as the solid line.
ure F.1(b). The same supplies used with quasi-static healing agents (tubing, fittings, and
dispensing tips) was used to deliver healing agents to fatigue specimens.
The measured flow rate as a function of the specified flow rate when using a syringe
pump is given in Figure F.4. Transient flow rates were not a concern in fatigue tests because
several hours elapsed with the pump running before cracks reached the microchannels and
healing agent started to flow into the damage zone. This long period of time before healing
agent release allowed the flow rates to reach equilibrium.
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Figure F.4: Average flow rates of Parts A and B of the 5 Minute R© Epoxy fatigue self-healing chemistry as
a function of specified flow rate. Measured after pumps were left pumping overnight (> 12 hours).
The measured flow rates as a function of applied pressure are given for the pneumatic
controllers in Table F.1.
Note that, here too, the flow rates measured for this calibration are total flow rates from
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Table F.1: Average flow rate of the 5 Minute R© Epoxy self-healing chemistry as a function of applied pressure.
Measured after 3 hours of pumping.
Healing Agent Applied Pressure (psi) Measured Flow Rate (µL/h)
Part A 22 28
Part B 32 11
the syringe. Each syringe was connected to two microchannels during testing (one on the
top half of the sample, the other on the bottom). The flow rate to each microchannel was
assumed to be half of this value.
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Appendix G
Alternative Fatigue Healing Agents
A variety of rapidly-curing epoxy adhesives were screened for their suitability as healing
agents for vascularized materials undergoing fatigue loading. The adhesives listed in Table
G.2 were selected for their relatively low viscosities (they are classified as liquids, rather
than gels by the manufacturer), are intended for use at equal mix ratios, and begin to
solidify in less than 10 minutes. Each of these adhesives were employed as healing agents in
vascularized DCDC specimens loaded to Kmax = 0.73KIC. Healing agents were supplied to
microchannels as described in Chapter 5 using a constant pressure head of approximately
30–40 cm to induce flow. It is likely that the microchannels became clogged during the
course of these tests, but obstruction of microchannels was not evaluated. The results of
these fatigue tests are given in Figure G.1, and ITW Devcon High Strength 5 Minute R©
Epoxy was selected as the best performing healing agent.
The viscosity of the healing agents selected for use in fatigue testing (ITW Devcon High
Strength 5 Minute R© Epoxy) was modified using a variety of diluents (given in Table G.1)
in an attempt to facilitate healing agent flow into the damage region. The fatigue behavior
of self-healing specimens with these diluted healing agents (pumped at a constant rate of
Q = 7 µL/h) is shown in Figure G.2.
Table G.1: Diluted Devcon High Strength 5 Minute R© Epoxy Healing Agents.
Healing Agent Diluent Concentration of Diluent
Part A Epodil R© 749 reactive diluent1 15 wt.%
Part B Diethylenetriamine (DETA)1 15 wt.%
Part B Ethyl phenylacetate (EPA) 15 wt.%
1Produced and supplied by Air Products and Chemicals, Inc.
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Figure G.1: Crack propagation as a function of time in vascularized DCDC specimens loaded to Kmax ≈
0.73KIC with different epoxy adhesives employed as healing agents.
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Figure G.2: Crack propagation as a function of time in vascularized DCDC specimens loaded to Kmax =
0.73KIC with diluted Devcon High Strength 5 Minute
R© Epoxy as the healing agents.
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Table G.2: Rapidly-curing epoxy adhesives employed as healing agents for samples loaded in fatigue.
Manufacturer Product Supplier Product No.
Hexion Specialty Chemicals Epon 8132 & Epikure 3046 Miller Stephenson Chemical Co., Inc. -
Illinois Tool Works Devcon High Strength 5 Minute R© Epoxy Ace Hardware 20845
Loctite Poxy Pak McMaster-Carr 7556A33
3M Scotch-Weld DP100 McMaster-Carr 7467A21
Chemical Concepts K45 McMaster-Carr 7670A22
Huntsman Araldite 2012 McMaster-Carr 7541A82
1
2
0
References
[1] A. Chamay and P. Tschantz. Mechanical influences in bone remodeling. Experimental
research on Wolff’s law. Journal of Biomechanics, 5(2):173–180, 1972.
[2] P. Fratzl and R. Weinkamer. Nature’s hierarchical materials. Progress in Materials
Science, 52(8):1263–1334, 2007.
[3] O. Pearson and D. Lieberman. The aging of Wolff’s “law”: Ontogeny and responses
to mechanical loading in cortical bone. Yearbook of Physical Anthropology, 47:63–99,
2004.
[4] B. J. Blaiszik, S. L. B. Kramer, S. C. Olugebefola, J. S. Moore, N. R. Sottos, and S. R.
White. Self-healing polymers and composites. Annual Review of Materials Research,
40:179–211, 2010.
[5] S. R. White, M. M. Caruso, and J. S. Moore. Autonomic healing of polymers. MRS
Bulletin, 33(8):766–769, 2008.
[6] I. P. Bond, R. S. Trask, and H. R. Williams. Self-healing fiber-reinforced polymer
composites. MRS Bulletin, 33(8):770–774, 2008.
[7] “Wood”. Encyclopædia Britannica Online. http://www.britannica.com/
EBchecked/media/66141/Cross-section-of-a-tree-trunk, accessed March 1,
2011.
[8] M. Sernetz, M. Justen, and F. Jestczemski. Dispersive fractal characterization of kidney
arteries by three-dimensional mass-radius-analysis. Fractals, pages 879–891, 1995.
[9] “SEER Training Module: Compact Bone”. National Cancer Institute. http:
//training.seer.cancer.gov/anatomy/skeletal/tissue.html, accessed April 14,
2011.
[10] K. S. Toohey, N. R. Sottos, J. A. Lewis, J. S. Moore, and S. R. White. Self-healing
materials with microvascular networks. Nature Materials, 6(8):581, 2007.
[11] K. S. Toohey, C. J. Hansen, J. A. Lewis, S. R. White, and N. R. Sottos. Delivery
of two-part self-healing chemistry via microvascular networks. Advanced Functional
Materials, 19(9):1399–1405, 2009.
[12] C. J. Hansen, W. Wu, K. S. Toohey, N. R. Sottos, S. R. White, and J. A. Lewis. Self-
healing materials with interpenetrating microvascular networks. Advanced Materials,
21(41):1–5, 2009.
121
[13] H. R. Williams, R. S. Trask, and I. P. Bond. Self-healing composite sandwich struc-
tures. Smart Materials and Structures, 16(4):1198–1207, 2007.
[14] H. R. Williams, R. S. Trask, and I. P. Bond. Self-healing sandwich panels: Restora-
tion of compressive strength after impact. Composites Science and Technology, 68(15-
16):3171–3177, 2008.
[15] S. White, N. Sottos, P. Geubelle, J. Moore, M. Kessler, S. Sriram, E. Brown, and
S. Viswanathan. Autonomic healing of polymer composites. Nature, 409:794–797,
2001.
[16] E. N. Brown, M. R. Kessler, N. R. Sottos, and S. R. White. In situ poly(urea-
formaldehyde) microencapsulation of dicyclopentadiene. Journal of Microencapsula-
tion, 20(6):719–730, 2003.
[17] E. Brown, N. Sottos, and S. White. Fracture testing of a self-healing polymer compos-
ite. Experimental Mechanics, 42(4):372–379, 2002.
[18] E. Brown, S. White, and N. Sottos. Microcapsule induced toughening in a self-healing
polymer composite. Journal of Materials Science, 39:1703–1710, 2004.
[19] E. N. Brown, S. R. White, and N. R. Sottos. Fatigue crack propagation in microcapsule-
toughened epoxy. Journal of Materials Science, 41(19):6266–6273, 2006.
[20] E. N. Brown, S. R. White, and N. R. Sottos. Retardation and repair of fatigue cracks
in a microcapsule toughened epoxy composite–part I: Manual infiltration. Composites
Science and Technology, 65(15-16):2466–2473, 2005.
[21] E. Brown, S. White, and N. Sottos. Retardation and repair of fatigue cracks in a
microcapsule toughened epoxy composite—part II: In situ self-healing. Composites
Science and Technology, 65(15-16):2474–2480, 2005.
[22] A. S. Jones, J. D. Rule, J. S. Moore, N. R. Sottos, and S. R. White. Life extension of
self-healing polymers with rapidly growing fatigue cracks. Journal of the Royal Society
Interface, 4(13):395–403, 2007.
[23] B. J. Blaiszik, M. M. Caruso, D. A. McIlroy, J. S. Moore, S. R. White, and N. R.
Sottos. Microcapsules filled with reactive solutions for self-healing materials. Polymer,
50(4):990–997, 2009.
[24] M. M. Caruso, B. J. Blaiszik, S. R. White, N. R. Sottos, and J. S. Moore. Full recovery
of fracture toughness using a nontoxic solvent-based self-healing system. Advanced
Functional Materials, 18(13):1898–1904, 2008.
[25] M. M. Caruso, D. A. Delafuente, V. Ho, N. R. Sottos, J. S. Moore, and S. R. White.
Solvent-promoted self-healing epoxy materials. Macromolecules, 40(25):8830–8832,
2007.
[26] M. W. Keller, S. R. White, and N. R. Sottos. A self-healing poly(dimethyl siloxane)
elastomer. Advanced Functional Materials, 17(14):2399–2404, 2007.
[27] M. W. Keller, S. R. White, and N. R. Sottos. Torsion fatigue response of self-healing
poly(dimethylsiloxane) elastomers. Polymer, 49(13-14):3136–3145, 2008.
122
[28] J. Yang, M. W. Keller, J. S. Moore, S. R. White, and N. R. Sottos. Microencapsulation
of isocyanates for self-healing polymers. Macromolecules, 41(24):9650–9655, 2008.
[29] S. H. Cho, H. M. Andersson, S. R. White, N. R. Sottos, and P. V. Braun.
Polydimethylsiloxane-based self-healing materials. Advanced Materials, 18(8):997–
1000, 2006.
[30] J. M. Kamphaus, J. D. Rule, J. S. Moore, N. R. Sottos, and S. R. White. A new
self-healing epoxy with tungsten (vi) chloride catalyst. Journal of the Royal Society
Interface, 5(18):95–103, 2008.
[31] H. Jin, G. Miller, N. Sottos, and S. R. White. Fracture and fatigue response of a
self-healing epoxy adhesive. Polymer, 2011.
[32] M. Kessler, N. Sottos, and S. White. Self-healing structural composite materials.
Composites Part A, 34:743–753, 2003.
[33] A. J. Patel, N. R. Sottos, E. D. Wetzel, and S. R. White. Autonomic healing of low-
velocity impact damage in fiber-reinforced composites. Composites Part A, 41:360–368,
2010.
[34] J. Moll, S. R. White, and N. R. Sottos. A self-sealing fiber-reinforced composite.
Journal of Composite Materials, 2010.
[35] B. J. Blaiszik, M. Baginska, S. R. White, and N. R. Sottos. Autonomic recovery of
fiber/matrix interfacial bond strength in a model composite. Advanced Functional
Materials, 20(20):3547–3554, 2010.
[36] B. J. Blaiszik, N. R. Sottos, and S. R. White. Nanocapsules for self-healing materials.
Composites Science and Technology, 68(3-4):978–986, 2008.
[37] M. M. Caruso, B. J. Blaiszik, H. Jin, S. R. Schelkopf, D. S. Stradley, N. R. Sottos,
S. R. White, and J. S. Moore. Robust, double-walled microcapsules for self-healing
polymeric materials. ACS Applied Materials & Interfaces, 2(4):1195–1199, 2010.
[38] A. Jackson, J. Bartelt, K. Marczewski, N. Sottos, and P. Braun. Silica-protected micron
and sub-micron capsules and particles for self-healing at the microscale. Macromolec-
ular Rapid Communications, 32:82–87, 2010.
[39] S. Odom, M. Caruso, A. D. Finke, A. M. Prokup, J. A. Ritchey, J. H. Leonard,
S. R. White, N. R. Sottos, and J. S. Moore. Restoration of conductivity with ttftcnq
chargetransfer salts. Advanced Functional Materials, 20:1721–1727, 2010.
[40] B. A. Beiermann, M. W. Keller, and N. R. Sottos. Self-healing flexible laminates for
resealing of puncture damage. Smart Materials and Structures, 18(8):085001, 2009.
[41] C. M. Dry. Three designs for the internal release of sealants, adhesives, and waterproof-
ing chemicals into concrete to reduce permeability. Cement and Concrete Research,
30(12):1969–1977, 2000.
[42] M. Motuku, U. Vaidya, and G. Janowski. Parametric studies on self-repairing ap-
proaches for resin infused composites subjected to low velocity impact. Smart Materials
and Structures, 8:623–638, 1999.
123
[43] S. Bleay, C. Loader, V. Hawyes, L. Humberstone, and P. Curtis. A smart repair system
for polymer matrix composites. Composites Part A, 32:1767–1776, 2001.
[44] J. W. C. Pang and I. P. Bond. A hollow fibre reinforced polymer composite encompass-
ing self-healing and enhanced damage visibility. Composites Science and Technology,
65(11-12):1791–1799, 2005.
[45] J. W. C. Pang and I. P. Bond. ’bleeding composites’ - damage detection and self-repair
using a biomimetic approach. Composites Part A, 36(2):183–188, 2005.
[46] R. S. Trask and I. P. Bond. Biomimetic self-healing of advanced composite structures
using hollow glass fibres. Smart Materials and Structures, 15(3):704–710, 2006.
[47] R. S. Trask, G. J. Williams, and I. P. Bond. Bioinspired self-healing of advanced
composite structures using hollow glass fibres. Journal of the Royal Society Interface,
4(13):363–371, 2007.
[48] G. Williams, R. Trask, and I. Bond. A self-healing carbon fibre reinforced polymer for
aerospace applications. Composites Part A, 38(6):1525–1532, 2007.
[49] J. D. Rule, N. R. Sottos, and S. R. White. Effect of microcapsule size on the perfor-
mance of self-healing polymers. Polymer, 38:3520–3529, 2007.
[50] S. C. Olugebefola, A. M. Arago´n, C. J. Hansen, A. R. Hamilton, B. D. Kozola, W. Wu,
P. H. Geubelle, J. A. Lewis, N. Sottos, and S. R. White. Polymer microvascular network
composites. Journal of Composite Materials, 44:2587–2603, 2010.
[51] X. Peng and B. Wang. Forced convection and flow boiling heat transfer for liquid
flowing through microchannels. International Journal of Heat and Mass Transfer,
36:3421–3427, 1993.
[52] S. Chen. Fabrication of high-density micro holes by upward batch micro edm. Journal
of Micromechanics and Microengineering, 18(8), 2008.
[53] B. Paul, P. Kwon, and R. Subramanian. Understanding limits on fin aspect ratios in
counterflow microchannel arrays produced by diffusion bonding. Journal of Manufac-
turing Science and Engineering, 128:977–983, 2006.
[54] I. Saxena, A. Agrawal, and S. Joshi. Fabrication of microfilters using excimer laser
micromachining and testing of pressure drop. Journal of Micromechanics and Micro-
engineering, 19(2), 2009.
[55] H. Qi, T. Chen, L. Yao, and T. Zuo. Micromachining of microchannel on the poly-
carbonate substrate with co2 laser direct-writing ablation. Optics and Lasers in Engi-
neering, 47:594–598, 2009.
[56] X. Wei, Y. Joshi, and M. Patterson. Experimental and numerical study of a stacked
microchannel heat sink for liquid cooling of microelectronic devices. Journal of Heat
Transfer, 129:1432–1445, 2007.
[57] C. King, D. Sekar, M. Bakir, and B. Dang. 3d stacking of chips with electrical and
microfluidic i/o interconnects. Electronic Components and Technology Conference,
2008.
124
[58] J. Rogers and R. Nuzzo. Recent progress in soft lithography. Materials Today, 8(2):50–
56, 2005.
[59] J. H. Huang, J. Kim, N. Agrawal, A. P. Sudarson, J. E. Maxim, A. J., and V. M.
Ugaz. Rapid fabrication of bio-inspired 3d microfluidic vascular networks. Advanced
Materials, 21(35):1–5, 2009.
[60] A. Kousourakis, A. Mouritz, and M. Bannister. Interlaminar properties of polymer
laminates containing internal sensor cavities. Composite Structures, 75(1-4):610–618,
2006.
[61] A. Kousourakis, M. K. Bannister, and A. P. Mouritz. Tensile and compressive prop-
erties of polymer laminates containing internal sensor cavities. Composites Part A,
39(9):1394–1403, 2008.
[62] A. Kousourakis and A. P. Mouritz. The effect of self-healing hollow fibres on
the mechanical properties of polymer composites. Smart Materials and Structures,
19(8):085021, 2010.
[63] D. Therriault, S. R. White, and J. A. Lewis. Chaotic mixing in three-dimensional mi-
crovascular networks fabricated by direct-write assembly. Nature Materials, 2(4):265–
271, 2003.
[64] J. A. Lewis. Direct ink writing of 3d functional materials. Advanced Functional Mate-
rials, 16(17), 2006.
[65] R. S. Trask and I. P. Bond. Bioinspired engineering study of plantae vascules for self-
healing composite structures. Journal of the Royal Society Interface, 7(47):921–931,
2010.
[66] C. Y. Huang, R. S. Trask, and I. P. Bond. Characterization and analysis of carbon fibre-
reinforced polymer composite laminates with embedded circular vasculature. Journal
of the Royal Society Interface, 7(49):1229–1241, 2010.
[67] K. S. Toohey. MICROVASCULAR NETWORKS FOR CONTINUOUS SELF-
HEALING MATERIALS. PhD thesis, Department of Theoretical and Applied Me-
chanics, University of Illinois at Urbana-Champaign, Urbana, Illinois, 2007.
[68] H. R. Williams, R. S. Trask, P. M. Weaver, and I. P. Bond. Minimum mass vascular
networks in multifunctional materials. Journal of the Royal Society Interface, 5(18):55–
65, 2008.
[69] H. R. Williams, R. S. Trask, A. C. Knights, E. R. Williams, and I. P. Bond. Biomimetic
reliability strategies for self-healing vascular networks in engineering materials. Journal
of the Royal Society Interface, 5(24):735–747, 2008.
[70] R. K. Nalla, J. H. Kinney, and R. O. Ritchie. On the fracture of human dentin: Is it
stress- or strain-controlled? Journal of Biomedical Materials Research, 67(2):484–495,
2003.
[71] G. Balooch, G. Marshall, S. Marshall, O. Warren, S. Asif, and M. Balooch. Evaluation
of a new modulus mapping technique to investigate microstructural features of human
teeth. Journal of Biomechanics, 37(8):1223–1232, 2004.
125
[72] R. K. Nalla, J. H. Kinney, and R. O. Ritchie. Effect of orientation on the in vitro
fracture toughness of dentin: the role of toughening mechanisms. Biomaterials,
24(22):3955–3968, 2003.
[73] R. Nalla, J. J. Kruzic, and R. O. Ritchie. On the origin of the toughness of mineralized
tissue: Microcracking or crack bridging? Bone, 34(5):790–798, 2004.
[74] P. Fratzl. Bone fracture: When the cracks begin to show. Nature Materials, 7(8):610,
2008.
[75] S. Weiner and H. D. Wagner. The material bone: Structure-mechanical function rela-
tions. Annual Review of Materials Science, 28:271–298, 1998.
[76] K. J. Koester, J. W. Ager, and R. O. Ritchie. The true toughness of human cortical
bone measured with realistically short cracks. Nature Materials, 7(8):672–677, 2008.
[77] N. Gotzen, A. R. Cross, P. G. Ifju, and A. J. Rapoff. Understanding stress concentra-
tion about a nutrient foramen. Journal of Biomechanics, 36(10):1511–1521, 2003.
[78] R. K. Nalla, J. H. Kinney, and R. O. Ritchie. Mechanistic fracture criteria for the
failure of human cortical bone. Nature Materials, 2(3):164–168, 2003.
[79] A. R. Hamilton, N. R. Sottos, and S. R. White. Self-healing of internal damage in
synthetic vascular materials. Advanced Materials, 22:5159–5163, 2010.
[80] D. Therriault, R. F. Shepherd, S. R. White, and J. A. Lewis. Fugitive inks for
direct-write assembly of three-dimensional microvascular networks. Advanced Mate-
rials, 17(4):395–399, 2005.
[81] J. C. Halpin. Primer on Composite Materials Analysis. Technomic Publishing Com-
pany, Inc., second edition, 1992.
[82] D. J. O’Brien, N. R. Sottos, and S. R. White. Cure-dependent viscoelastic poisson’s
ratio of epoxy. Experimental Mechanics, 47(2):237–249, 2007.
[83] A. R. Hamilton, N. R. Sottos, and S. R. White. Local strain concentrations in a
microvascular network. Experimental Mechanics, 50(2):255–263, 2010.
[84] H. A. Bruck, S. R. McNeill, M. A. Sutton, and W. H. Peters. Digital image corre-
lation using newton-raphson method of partial-differential correction. Experimental
Mechanics, 29(3):261–267, 1989.
[85] W. H. Peters and W. F. Ranson. Digital imaging techniques in experimental stress-
analysis. Optical Engineering, 21(3):427–431, 1982.
[86] T. A. Berfield, H. K. Patel, R. G. Shimmin, P. V. Braun, J. Lambros, and N. R.
Sottos. Fluorescent image correlation for nanoscale deformation measurements. Small,
2(5):631–635, 2006.
[87] T. A. Berfield, J. K. Patel, R. G. Shimmin, P. V. Braun, J. Lambros, and N. R.
Sottos. Micro- and nanoscale deformation measurement of surface and internal planes
via digital image correlation. Experimental Mechanics, 47(1):51–62, 2007.
126
[88] N. Verhaegh and A. van Blaaderen. Dispersions of rhodamine-labeled silica spheres:
Synthesis, characterization, and fluorescence confocal scanning microscopy. Langmuir,
10:1427–1438, 1994.
[89] M. Bornert, F. Bremand, P. Doumalin, J. C. Dupre, M. Fazzini, M. Grediac, F. Hild,
S. Mistou, J. Molimard, J. Orteu, L. Robert, Y. Surrel, P. Vacher, and B. Wattrisse.
Assessment of digital image correlation measurement errors: Methodology and results.
Experimental Mechanics, 49(3):353–370, 2009.
[90] J. Abanto-Bueno and J. Lambros. Investigation of crack growth in functionally graded
materials using digital image correlation. Engineering Fracture Mechanics, 69(14-
16):1695–1711, 2002.
[91] H. A. Bruck, S. R. McNeill, M. A. Sutton, and W. H. Peters. Digital image corre-
lation using newton-raphson method of partial-differential correction. Experimental
Mechanics, 29(3):261–267, 1989.
[92] G. N. Savin. Stress Distribution Around Holes. NASA Technical Translation, 1970.
[93] G. N. Savin. Stress Concentration Around Holes. Pergamon Press, 1961.
[94] S. Ahmed and F. Jones. A review of particulate reinforcement theories for polymer
composites. Journal of Materials Science, 25:4933–4942, 1990.
[95] C. Fourastie. Self-healing materials: Fracture characterization of microvascularized
networks. Expertise Project Report, 2009-2010.
[96] Standard test methods for plane-strain fracture toughness and strain energy release
rate of plastic materials. In Annual Book of ASTM Standards, Vol. 08.01: Plastics
(I). ASTM International, West Conshohocken, Pennsylvania, USA, 2003.
[97] S. C. Olugebefola, A. R. Hamilton, D. J. Fairfield, N. R. Sottos, and S. R. White.
Structural reinforcement of microvascular networks using electrostatic layer-by-layer
assembly with halloysite nanotubes. submitted to Small.
[98] Standard test method for linear-elastic plane-strain fracture toughness kIc of metallic
materials. In Annual Book of ASTM Standards, Vol. 03.01: Metals – Mechanical
Testing; Elevated and Low-Temperature Tests; Metallography. ASTM International,
West Conshohocken, Pennsylvania, USA, 2010.
[99] S. Crichton, M. Tomozawa, and J. Hayden. Subcritical crack growth in a phosphate
laser glass. Journal of the American Ceramic Society, 1999.
[100] T. A. Jenne, W. D. Keat, and M. C. Larson. Limits of crack growth stability in
the double cleavage drilled compression specimen. Engineering Fracture Mechanics,
70(13):1697–1719, 2003.
[101] T. Plaisted, A. Amirkhizi, and S. Nemat-Nasser. Compression-induced axial crack
propagation in dcdc polymer samples: Experiments and modeling. International Jour-
nal of Fracture, 141:447–457, 2006.
127
[102] T. A. Plaisted and S. Nemat-Nasser. Quantitative evaluation of fracture, healing and
re-healing of a reversibly cross-linked polymer. Acta Materialia, 55(17):5684–5696,
2007.
[103] J. L. Tzou, S. Suresh, and R. O. Ritchie. Fatigue crack propagation in oil environments:
1. crack growth behavior in silicone and paraffin oils. Acta Metallurgica, 33(1):105–16,
1985.
[104] J. L. Tzou, C. H. Hsueh, A. G. Evans, and R. O. Ritchie. Fatigue crack propagation
in oil environments: 2. a model for crack closure induced by viscous fluids. Acta
Metallurgica, 33(1):117–27, 1985.
[105] K. S. Yi, B. N. Cox, and R. H. Dauskardt. Fatigue crack-growth behavior of mate-
rials in viscous fluid environment. Journal of the Mechanics and Physics of Solids,
47(9):184371, 1999.
[106] P. Podsiadlo, E. M. Arruda, E. Kheng, A. M. Waas, J. Lee, K. Critchley, M. Qin,
E. Chuang, A. K. Kaushik, H.-S. Kim, Y. Qi, S.-T. Noh, and N. A. Kotov. Lbl
assembled laminates with hierarchical organization from nano- to microscale: High-
toughness nanomaterials and deformation imaging. ACS Nano, 3:1564–1572, 2009.
[107] P. Podsiadlo, A. Kaushik, E. Arruda, A. Waas, B. Shim, J. Xu, H. Nandivada,
B. Pumplin, J. Lahann, A. Ramamoorthy, and N. Kotov. Ultrastrong and stiff layered
polymer nanocomposites. Science, 318(5847):80–83, 2007.
[108] P. Podsiadlo, B. S. Shim, and N. A. Kotov. Polymer/clay and polymer/carbon nan-
otube hybrid organic-inorganic multilayered composites made by sequential layering of
nanometer scale films. Coordination Chemistry Reviews, 253(23-24):2835–2851, 2009.
[109] G. M. Whitesides, J. P. Mathias, and C. T. Seto. Molecular self-assembly and
nanochemistry: A chemical strategy for the synthesis of nanostructures. Science,
254(5036):1312, 1991.
[110] M. E. Launey, E. Munch, D. H. Alsem, E. Saiz, A. P. Tomsia, and R. O. Ritchie. A
novel biomimetic approach to the design of high-performance ceramic-metal compos-
ites. Journal of the Royal Society Interface, 7(46):741–753, 2010.
[111] E. Munch, M. E. Launey, D. H. Alsem, E. Saiz, A. P. Tomsia, and R. O. Ritchie.
Tough, bio-inspired hybrid materials. Science, 322(5907):1516–1520, 2008.
[112] M. E. Launey, E. Munch, D. H. Alsem, H. B. Barth, E. Saiz, A. P. Tomsia, and
R. O. Ritchie. Designing highly toughened hybrid composites through nature-inspired
hierarchical complexity. Acta Materialia, 57(10):2919–2932, 2009.
[113] S. Kumar and J. P. Kruth. Composites by rapid prototyping technology. Materials &
Design, 31(2):850–856, 2010.
[114] J .-B. Orhan, V. K. Parashar, J. Flueckiger, and M. A. M. Gijs. Internal modification
of poly(dimethylsiloxane) microchannels with a borosilicate glass coating. Langmuir,
24:9154–9161, 2008.
128
[115] L. Gao, E. Thostenson, Z. Zhang, and T.-W. Chou. Sensing of damage mechanisms
in fiberreinforced composites under cyclic loading using carbon nanotubes. Advanced
Functional Materials, pages 123–130, 2009.
[116] G. Bogush and C.F. Zukoski IV M. Tracy. Preparation of monodisperse silica particles:
Control of size and mass fraction. Journal of Non-Crystalline Solids, 104:95–106, 1988.
[117] Y. Ye, H. Chen, and L. Ye J. Wu. High impact strength epoxy nanocomposites with
natural nanotubes. Polymer, 48:6426–6433, 2007.
[118] F. Erdogan. On the stress distribution in plates with collinear cuts under arbitrary
loads. Proceedings of the Fourth U.S. National Congress of Applied Mechanics, 1962.
129
Vita
Andrew Hamilton was born and raised in upstate New York. After graduating high school
in 1999, he suspended his fledgling interest in science and engineering to pursue the study
of philosophy at the State University of New York, University at Buffalo, earning his B.A.
in that field in 2002. He later returned to the University at Buffalo and to technical studies,
earning his B.S. in civil engineering in 2005. In August of 2005, Mr. Hamilton began
his graduate studies in the Department of Theoretical and Applied Mechanics under the
advisement of Prof. Nancy Sottos, earning his Master’s degree in 2007 in pursuit of his
doctoral degree. Mr. Hamilton has received the Gregory B. Jarvis award for enthusiasm
in engineering (2004), the R.P. Shaw award for outstanding engineering mechanics student
(2004 and 2005), the Robert E. Miller fellowship (2005), and 3rd prize in the Society for
Experimental Mechanics student paper competition (2009). He was elected to two terms
as a Senator on the Illinois Student Senate, was a graduate student mentor for two years
in the Illinois Scholars Undergraduate Research Program, and was a teaching assistant for
courses in introductory solid mechanics. Upon completion of his Ph.D., he will assume a
post-doctoral research position at Aalborg University in Denmark.
130
